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Abstract
Studies on the optical properties of gold nanoparticles are of great interest due to the size
and shape control and easy adaptability through functionalization to most any application,
everything from nanomedicine to nanosensing.

Gold nanoparticle optical properties

change with size, morphology, and environment. Gold nanospheres were explored to
determine the effect of environmental change, from many particles in solution to a single
particle immobilized and in air, on fluorescence peak position. A statistical distribution
of single gold nanorod fluorescence spectra demonstrate the spectral changes associated
with slight variations in size. In solution, gold nanorods self-absorb and only exhibit bulk
gold fluorescence while immobilized gold nanorods maintain surface plasmon resonance
fluorescence peaks. A single gold nanoctahedron and a dimer of two, interacting gold
nanoctahedra exhibit the increase in number of peaks when two gold nanoparticles are in
close proximity. Observed fluorescence blueshifting occurs due to a lack of a solvent
environment as our gold nanoparticles are immobilized and in air. A linear correlation
between gold nanoparticle fluorescence and an attached fluorescent dye is observed.
These dye components also act as the binding agent, creating self-assembled meso scale
ribbons of conjugated gold nanospheres.

Correlated atomic force measurements of

particle morphology and single particle emission spectra will be presented for a variety of
structures.

Atomic force microscope images with the associated high resolution

fluorescence microscope images and single-particle total-internal reflection fluorescence
spectra are recorded using a single instrument. These measurements enable correlation of
the optical properties with particle size and its characteristics.
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Chapter 1 - Introduction
Gold Nanoparticles
Throughout human history, gold has been one of the most precious and sought
after elements, used in everything from jewelry, art, glass making, ceramics, medicine,
ceramics, and more. The first scientific description of gold nanoparticles was “drinkable
gold that contains metallic gold in a neutral, slightly pink solution that exert curative
properties for several diseases” by Johann Kunckels in 1676 [1]. The modern era of gold
nanoparticle creation, study, and use was ushered in by Michael Faraday in February
1857 with his lecture “Experimental Relations of Gold (and Other Metals) to Light” to
the Royal Society [2]. Today, gold nanoparticles are synthesized into a variety of shapes
and sizes [3]. A single gold seed crystal can be grown into colloidal spheres, rods,
octahedron, cubes, plates, and more [4]. This study focuses on gold nanospheres, gold
nanorods, gold nanoctahedra, and the interactions between fluorescent dye molecules and
gold nanospheres.
Single nanoparticle fluorescence spectroscopy correlated with atomic force
microscopy (AFM) allows one to probe physical shape, size, and orientation of the
nanoparticle with differing polarizations of the incident laser light. Nanoparticles have
distinct emission spectrum based upon size, with a redshift to larger wavelengths as the
particles increase in size. Therefore, a bulk solution of nanoparticles will have an
averaged spectrum due to the inherent size distribution.
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Gold Nanospheres
Colloidal gold nanoparticles, gold nanospheres, are under investigation for a wide
range of uses. DNA linked gold nanospheres promote programmable self-assembly and
crystallization [5] [6]. Single-stranded DNA oligonucleotides attached to individual gold
nanospheres assemble into dimers and trimers on addition of a complementary singlestranded DNA template [7]. Gold nanospheres can act as bioelectronics via an electron
relay for the alignment of an enzyme and for the electrical wiring of its redox-active
center [8]. Ultrasensitive detection of surface plasmon resonance is achieved using gold
nanospheres tagged with DNA strands is achieved due to the amplification effects of the
gold nanospheres [9].

A highly sensitive and selective colorimetric lead biosensor

detector based on DNA enzyme-directed assembly of gold nanospheres has detection
levels from 100 nM to over 200 μM [10]. Nanobiotechnology analyzes biomolecules via
gold nanospheres via four main methods: quantitation tags, encoded substrates, signal
transducers, and functional tags [11]. Gold nanospheres have long been used as labels
on proteins, antibodies, biomolecules, etc. for electron microscopy [12].
There exist a variety of synthesis routes for gold nanospheres, each displaying
different characteristics of the final products [13].

The single-phase water based

reduction of a gold salt by citrate produces almost spherical particles over a tunable range
of sizes [14] [15] [16]. The two-phase (water-toluene) organic reduction of AuCl4
produces thiol coated 1-3 nm gold nanospheres [17]. Hydroquinone can be used to
produce 50−200 nm gold nanospheres that are relatively monodisperse in size [18]. The
sonochemical reduction of AuCl4 in aqueous solutions creates tunable sized gold
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nanospheres [19] [20] [21]. 3.2 to 5.2 nm non-coated gold nanospheres are generated by
reducing HAuCl4 with NaBH4 [22] [23].
Gold Nanorods
Gold nanorods have two resonances: one due to plasmon oscillation along the
nanorod short axis and another due to plasmon oscillation along the long axis, which
depends strongly on the nanorod length-to-width aspect ratio [24] [25] [26] [27]. The
longitudinal axis of gold nanorods has surface plasmon resonance leading to enhanced
light scattering and absorption [28] manifest in the more intense, higher wavelength peak.
The transverse axis of gold nanorods has localized surface plasmon resonance which
manifests as a weak, lower wavelength peak [29].

The anisotropic shape of gold

nanorods leads to unique chemical and physical properties which are employed in a
variety of ways. Darkfield optical microscopy using gold nanorods to track and/or image
biological processes due to their high near-infrared absorbance [30]. The sharp surface
curvature of gold nanorods offers increased surface plasmon sensing for absorption or
scattering spectroscopy [31].
The synthesis of gold nanorods is a fairly new process, with three primary
methods of production. The template method is based on the electrochemical deposition
of Au within the pores of nanoporous polycarbonate or alumina template membranes [32]
[33] [34]. A two-electrode-type electrochemical cell using a gold plate as the anode
produces high-yield quantities of gold nanorods [35] [36] [37]. Through careful control
of the growth conditions, a two- or three-step seeding process using HAuCl4 creates gold
nanorods with specific and controllable gold nanorods with aspect ratios of 4.6 ± 1.2, 13
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± 2, and 18 ± 2.5 (all with 16 ± 3 nm short axis) [38] [39] [40]. Other methods to
synthesize gold nanorods exist but they either have low yields or poorly controlled size
distribution [41].
Gold Nanoctahedra
The large number of faces and edges of gold nanoctahedra dramatically increase
electric field enhancements leading to interesting optical properties.

The optical

properties of a gold nanoctahedron are dependent upon the orientation of the particle with
respect to the incident field [42].

Applications using gold nanoctahedra in surface-

enhanced spectroscopies, chemical or biological sensing, and the fabrication of
nanodevices are just beginning to be explored [43].
Synthesis of gold nanoctahedra were observed as minor side products in the
polyol synthesis of gold tetrahedral and icosahedra nanoparticles [44]. In the last few
years, high-yield synthesis methods for selectively producing gold nanoctahedra
emerged. Thermal treatment of HAuCl4-loaded block copolymers leads to high yields of
non-size selective >100 nm gold nanoctahedra [45]. A modified polyol process using
AuCl3 and polyethylene glycol 600 leads to high yields of size selected gold
nanoctahedra [42].

Uniformly sized gold nanoctahedra can also be synthesized by

starting with single-crystal seeds of Au spheres with a uniform size [46].
Surface Plasmon Resonance
The burgundy color of gold nanoparticle solutions, the electronic properties
currently being investigated, and the emission enhancement effects desirous for medical,
sensing, and biotechnology applications are all due to the surface plasmons interacting
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with the field of incoming light. Moordian first described the photoluminescence of
noble metals as a three step process: i) excitation of electrons from the d- to the sp-band
to generate electron–hole pairs, ii) electron and hole scattering processes transfer energy
from the electrons to the phonon lattice, and iii) photon emission occurs as excited
electrons in the sp-band recombine with holes in the d-band [47, 48]. As the mean free
path of gold is 40-50 nm and the gold nanoparticles studied here are larger than this, little
bulk gold scattering is expected [49]. The conduction band 6s electrons collectively
oscillate at the surface of gold nanoparticles [3]. The evanescent wave of an argon-ion
laser beam creates, in proper alignment, a standing oscillation around the gold
nanoparticles (Figure 1). The surface electron density polarizes to one side of the gold
nanoparticle as the evanescent wave of the argon-ion laser beam passes. Surface plasmon
resonance of the gold nanoparticle depends on size, shape, and the dielectric constants of
gold and the surrounding environment. The gold nanoparticle capping material has the
largest effect on spectral shifting of the surface plasmon resonance due to the local nature
of its effects on the nanoparticle [50].
The understanding of surface plasmons and the spectral redshift of colloidal gold
nanoparticles with increasing size was first explained by Mie [51]. Mie Theory predicts
the optical and electromagnetic scattering, in this case surface plasmons, for a single
spherical nanoparticle illuminated by a plane incident wave light. In a gold nanosphere,
there is only one direction of surface plasmon resonance, leading to a single absorption
peak. The theoretical explanation for the surface plasmon resonance induced spectral
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Figure 1. Origin of the surface plasmon resonance in gold nanoparticles through the
coherent interaction of the evanescent wave in an argon-ion laser beam with the gold
electrons in the conduction band.
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redshift of gold nanorods with increasing size was an expansion of the Mie Theory [52]
[53]. Mie-Gans Theory explains how surface plasmon resonance along the transverse
and longitudinal directions of a gold nanorod lead to a weak absorption band similar to
gold nanospheres and a strong, higher wavelength absorption band which redshifts with
increasing longitudinal length, respectively (Figure 2) [54].

Discrete dipole

approximation (DDA) computations are required to explain the light scattering and
surface plasmon resonances of gold nanoparticles of shapes more complex than gold
nanospheres or nanorods.
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Figure 2. A comparison of the surface plasmon resonance in gold nanospheres (A) and
gold nanorods (B). Copyright © 2010 Springer Science+Business Media, LLC.
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Chapter 2 - Experimental
A coupled fluorescence microscope and spectrograph excited by an argon-ion
laser are correlated to atomic force microscopy to examine the emission and spatial
properties of gold nanoparticles immobilized on a quartz sample slide. Using techniques
described later in this chapter, nanoparticles are deposited on microscope cover slips.
These quartz cover slips are held in a fixed position by vacuum on the microscope sample
stage with the bottom toward the inverted microscope objective and the top, containing
immobilized nanoparticles, open to air and atomic force microscopy surface scanning.
Particles are excited in a total internal reflection (TIR) fluorescence geometry through
laser generated evanescent waves propagating at the sample surface.

Nanoparticle

emission is collected over a wide angle of acceptable, through the same TIR objective
using index matched immersion oil. An atomic force microscope is positioned on the
top, open air side of the quartz cover slip, allowing nanoparticle position to be correlated
with nanoparticle emission. Nanoparticle emission is separated from the argon-ion laser
beam through a filter cube beamsplitter.

When the filtered nanoparticle emission is

directed to a CCD through a column in the inverted microscope, fluorescence images of
the sample are obtained. Alternatively, the filtered nanoparticle emission can be directed
out a side port in the inverted microscope and coupled into a spectrograph, allowing
emission spectral images and the subsequent individual spectra to be obtained.
Fluorescence Microscopy
Nanoparticles are excited using 488 nm laser light created by a Coherent Innova
Sabre argon ion laser. To maintain the tube plasma and output power stability of the
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argon-ion laser, the output power is set to 190 mW. Eventual power at the sample was
reduced to 3 to 5 mW by a combination of loses and neutral density filtering. After
moving to a new building with several months of the laser being non-operational, the
output power is set to 140 mW to maintain a constant 3 to 5 mW at the sample. The
optical pathway created by the argon-ion laser beam and terminating in the inverted
fluorescence microscope is relatively straightforward (Figure 3). The beam first passes
through a broadband beamsplitter, bleeding off 80% of the beam’s intensity allowing for
proper laser power without subjecting the nanoparticles to intense heat and energy. The
excess laser beam is safely rerouted to a laser beam dump. Then, a 488 nm bandpass
filter, a turning mirror, a broadband polarization rotator, and a 0.3 optical density (OD)
neutral density filter guide the beam to a set of two mirrors. These mirrors raise the beam
from laser output height to the correct height needed for the inverted microscope.
Depending upon the conditions of the tube plasma, the 0.3 OD neutral density filter may
be repositioned between the laser and the broadband beamsplitter, thus allowing the
argon ion laser to run at a high enough wattage without damaging optical components
further down the laser beam path. An iris refines and maintains the raised beam before
the two 2” large gimbal mounted mirrors utilized to minutely align and rotate the beam’s
pathway for total internal reflection (TIR) fluorescence or emission. A focusing mirror in
a large screw ensures a focused beam enters the microscope. Once TIR alignment is
achieved, the argon-ion laser beam path is stable and need only be checked after long
periods of laser inactivity (Figure 4). Inside the inverted microscope, a modified G-2A
longpass emission filter set allows laser light to interact with the underside of the sample
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Figure 3. Argon ion laser optical pathway schematic
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Figure 4. Total internal reflection fluorescence optical pathway schematic. Adapted
from © Nikon Microscopy U.
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slide while maintaining the integrity of the emitted wavelengths as they reach the detector
(Figure 5). The emission filter is a yellow, colored glass 514 nm longpass filter (Figure
6), inhibiting any 488 nm laser light from reaching the fluorescence spectrograph. The
beamsplitter portion of the optical cube is a 565 nm longpass cut-on dichromatic mirror.
There is no excitation filter in the optical cube. Nikon Instrument's CFI Plan Fluor 60x
oil immersion objective coupled with Cargille Type FF immersion oil for fluorescence
microscopy interacts with the bottom of the sample slide. Further magnification occurs
in the connecting neck between the outgoing light from the sample slide and the input to
the PhotonMax camera.
An inverted fluorescence microscope system, a specialized Nikon Eclipse TE300,
allows investigation of laser excited emission of nanoparticles. Fluorescence imaging
allows for visual identification, local area map creation, and general sample inspection.
This information is a vital bridge between the optical system, fluorescence spectroscopy,
and the physical system, atomic force microscopy.

A Princeton Instrument

PhotonMax:512B electron-multiplying CCD cooled by a CoolCube liquid coolant
circulator is utilized to capture the fluorescence microscope images. The PhotonMax has
an imaging array area of 512 x 512 pixels where each pixel is 16 x 16 µm plus an
additional 4.5x magnification in the support column leading to the CCD camera.
Fluorescence Microscopy Computer Control
Fluorescence microscopy images are acquired using WinView/32 version 2.5.23.0
software.

Once the imaging camera is mounted atop the inverted fluorescence

microscope, it must be connected to and recognized by WinView computer control.
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top of the filter cube.
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WinView automatically detects an E2V CCD 97B camera corresponding to the
PhotonMAX:512B CCD camera. The readout mode determines how much of the CCD
array is read, the full frame option reads data from the entire CCD chip. To preserve
identical x- and y-axis orientations throughout all components of the experimental
system, before any data acquisition emission images are flipped within the WinView
software. To prevent charge buildup from occurring and potentially damaging the CCD
array, before the shutter is opened for any image data acquisition, the CCD is drained
twice to remove any accumulated charge buildup. The target temperature for CCD
cooling is set to -70.0°. The fluorescence imaging camera cannot be used until this
temperature is reached, maintained, and the detector temperature status changes to
“Locked.”
Fluorescence microscopy imaging camera data acquisition is controlled by WinView’s
Experimental Setup menu (Figure 7A).

The Main tab page contains basic data

acquisition information, including the exposure time. If multiple fluorescence images are
to be averaged together to smooth noise, the number of images is selected. Data from the
full CCD chip is always collected as specific regions can be evaluated in post-processing
analysis. Avalanche gain, or “on-chip multiplication gain,” enables multiplication of
electrons collected in each pixel of the CCD array. Avalanche gain is set to 4095 to
increase nanoparticle emission or fluorescence detection. The Data File tab page is not
used as the name and specific, identifying characteristics of each fluorescence image are
manually entered. Since all fluorescence microscopy images utilize the entire CCD
array, the Region of Interest (ROI) tab page is not used. Data corrections, such as
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Figure 7. WinView Experimental Setup: Main (A) and ADC (B) tabs
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background subtraction, are done using post-processing techniques to preserve the
integrity of the raw fluorescence imaging data. The analog-to-digital conversions (ADC)
tab page sets system specific parameters (Figure 7B). Rate controls how often the
information is converted, 10 MHz. Controller Gain, ADC Offset, and the Readout Port
are all automatically set as shown when the ADC Rate is set to 10 MHz. The Timing,
Processes, and Save/Load tab pages contain settings either automatically selected or not
available by the PhotonMax:512B CCD camera.
The PhotonMax imaging camera typically has a laboratory background of ~3,000
counts per second and a camera-defined maximum of 65,535 counts. The ideal working
range is between 7,000 and 30,000 counts per image acquisition time, ensuring a
maximum of detection with a minimum of distortion.

Atop each fluorescence

microscope image, there is a false-color, rainbow bar representation of the range of
emission intensity present. An x-pattern with an open center, created by the shadowing
of four sets of crosshairs within the inverted microscope itself, aides in visual inspections
and approximate particle positioning. These details can be seen in the fluorescence
microscope image of Eu:Y2O2S (Figure 8) which has between 3,354 and 37,191 counts
per 0.1 second.
Fluorescence Spectroscopy
The spectrograph is a Kaiser Optical Systems Holospec f/2.2 holographic imaging
spectrograph with a 250 μm width entrance slit and a HFG-650 500 to 800 nm
fluorescence and visible spectral convergence grating with a linear dispersion of 12.0
nm/mm giving a resolution of 3 nm. The spectrographic data is captured by a Princeton
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Figure 8. Fluorescence microscopy image of macroscopic Eu:Y2O2S cluster. This
unprocessed, reverse color-intensity image is 512 x 512 pixels. Fluorescence intensity is
mapped in the x- and y-directions and can be read out at any point. The double-white
lines in each corner are internal to the inverted fluorescence microscope and help
determine approximate particle positioning. The top color bar indicates intensity, from
3,400 to 37,200 counts.

20
Instruments Spec-10:400B fan cooled CCD camera and controlled by Princeton
Instruments ST-133 CCD Camera Controller. The Spec-10 has an imaging array area of
1340 x 400 pixels where each pixel is 20 x 20 µm. Fluorescence spectral images are
acquired on the Holospec using WinSpec software. Output fluorescence emissions from
the TIRF microscope pass through an iris, a focusing lens, and another iris before
encountering the entrance slit to the fluorescence spectrograph (Figure 9). As alignment
between the fluorescence microscope imaging camera and the fluorescence spectrograph
progresses, the irises are eventually closed down to 0.8 mm. These three optical pieces
are aligned using an optical mount cage system mounted to a large manual linear motion
stage to retain alignment between the irises while giving complete, 3-axis motion control
to the precise positioning of the focusing lens. The HoloSpec fluorescence spectrograph
is itself mounted on a high-performance aperture platform with two-axis linear stage to
fine-tune alignment of and maximize detection of sample spectral emissions on the
holographic grating.

Once alignment between the fluorescence microscope and

spectrograph is established, it will be preserved regardless of any alterations to the optical
pathway before the fluorescence microscope.
Each fluorescence spectral image has an x-axis measured in nanometers, a y-axis
of rows, and a z-axis of arbitrary intensity. Fluorescence spectral images are similar to
fluorescence microscope images in that a false-color rainbow bar at the top of the image
indicates the range of intensity. The fluorescence spectral image corresponding to the
fluorescence microscopy image of Eu:Y2O2S (Figure 8) has an intensity range of 0 to
54,391 counts per second (Figure 10A). Most of the space in the spectral image contains
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Figure 9. This schematic represents the fluorescence spectrograph, including the light
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Figure 10. Fluorescence spectrograph image of Eu:Y2O2S (A) with an area of interest
zoom (B) and resulting spectrum (C)

23
only background as incoming emissions from the fluorescence microscope are severely
restricted by the two irises between the microscope and the spectrograph. To compensate
for this limitation, areas of interest are enlarged for detail (Figure 10B). Eu:Y2O2S
particles and some quantum dots have sufficient emission intensity, no background
subtraction is required (Figure 10C).
Fluorescence Spectroscopy Data Processing
Most nanoparticle fluorescence spectra do not have sufficient intensity to
overcome several systematic anomalies, thus background subtraction is required. Two
unique software/hardware anomalies occur which must be corrected: regardless of the
spectral range of data taken, the 10 or so highest wavelength corresponding pixels reset to
near zero intensity as well as a range of seven or so pixels around the 800 nm point which
always significantly drop in intensity. Additionally, the 570 nm Raman active –C-H
stretch of the immersion oil will occasionally interfere with nanoparticle emission
spectra. These problems are remedied by using post-acquisition background subtraction
wherein the sample slide is moved to a nearby location to acquire fluorescence spectral
images acquired with the same experimental conditions with emissions from only the
sample slide and instrumental set-up itself. If there is no nearby location clear of any
nanoparticle emissions, a spectral emission strip from within the same fluorescence
spectral image is used for background subtraction. Certain nanoparticle fluorescence
spectra require smoothing to further reduce noise.
The simplest data smoothing function applicable to the fluorescence of single
gold nanoparticles is a weighted triangular smooth.

Here, wavelength frequency
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measurements are retained while removing some background noise. A weighted 7-point
smooth (smaller than the HoloSpec spectrograph resolution):

reduces background noise but is not sufficient for clear single nanoparticle fluorescence
spectrum analysis.
An adaptive threshold in the wavelet domain based on the generalized Fourier
Transform removes the spectral noise without removing potentially hidden, smaller
features.

A discrete wavelet transform is a digital filtering technique computed by

successive lowpass and highpass filtering of the fluorescence spectra. These discrete
wavelets are categorized as D4 Daubechies wavelets, orthogonal wavelets with constant
polynomials and linear signal coefficients [55].

The Daubechies wavelets are

thresholded using VisuShrink, which applies a soft-thresholding operator [56]. In this
manner, the signal to noise ratio of 5:1 in the original, background subtracted spectral
data reduces to 28:1 in the wavelet transform smoothed data.
An overlaid comparison of the original background subtracted but non-smoothed
data, the 7-point weighted triangle smoothed data, and the wavelet threshold Fourier
transform smoothed data shows a drastic reduction in noise without any significant
spectral feature loss (Figure 11). In this study, all spectral data requiring processing by a
smoothing algorithm will be analyzed using the adaptive wavelet threshold Fourier
transform.
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Figure 11. Comparison of data smoothing functions of the total fluorescence spectrum of
a 75 nm silica coated gold nanosphere, immobilized on a quartz cover slip. Fluorescence
spectral data was acquired by five consecutive 5 minute scans, background subtracted
(orange), a 7-point weighted triangle smoothed (green), and wavelet threshold smoothed
(black) to reduce noise.
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Fluorescence Spectroscopy Computer Control
Fluorescence spectral images are acquired using WinSpec/32 version 2.5.12.0
software.

WinSpec operates similarly to WinView with one notable exception, as

WinSpec does not automatically detect and input camera settings.

WinSpec

automatically detects an EEV 400x1340B camera corresponding to the Spec-10:400B
CCD camera controlled by the ST133, version 4. The readout mode only allows for full
frame reading of the entire CCD chip. Multi-pinned-phase capability reduces the rate of
dark-current generation, lowering cooling requirements, is enabled. To prevent charge
buildup from occurring and potentially damaging the CCD array, before the shutter is
opened for any image data acquisition, the CCD is cleaned once to remove any
accumulated charge buildup. The target temperature for CCD cooling is set to -34.0°.
Due to laboratory room temperature and a close proximity to heat sources, the
fluorescence spectral imaging camera does not always achieve this temperature. The
fluorescence spectral imaging camera is operational once -31.0° has been reached and
continuously maintained for at least 45 minutes.
The Holospec fluorescence spectrograph is calibrated to the lines from a mercuryargon lamp (Figure 12). The ten strongest peaks within the spectral detection area were
chosen for calibration. Each mercury or argon gas peak was assigned to a specific pixel.
The 546.07 nm peak is from mercury. Due to a maximum of 3 nm resolution, the
mercury doublet at 576.96 and 579.07 nm was averaged to 578.02 nm. The remaining
peaks are all from argon.

The Linear Calibration Method is a least square linear

approximation of fit by minimizing the sum of the squares of the errors between the fit
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Figure 12. WinSpec Default Calibration Setup dialog box

Figure 13. WinSpec Experimental Setup: Main tab
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and calibration points. Setting both the Calibration Units and Display Units to nm, as
opposed to pixels, guarantees the calibration is applied and shown on every fluorescence
spectral image. This calibration is checked and confirmed annually.
Fluorescence spectroscopy imaging camera data acquisition is controlled by
WinSpec’s Experimental Setup menu (Figure 13). The Main tab page contains basic data
acquisition information, including the exposure time. If multiple fluorescence spectral
images are to be averaged together to smooth noise, the number of images is selected.
Data from the full CCD chip is always collected as specific regions can be evaluated in
post-processing analysis.

Avalanche gain, or “on-chip multiplication gain,” enables

multiplication of electrons collected in each pixel of the CCD array. The Low Noise
Amplifier aides in detection of weak single nanoparticle emission signals. The Data File
tab page is not used as the name and specific, identifying characteristics of each
fluorescence image are manually entered. Since all fluorescence spectral images utilize
the entire CCD array, the Region of Interest (ROI) tab page is not used. Data corrections,
such as background subtraction, are done using post-processing techniques to preserve
the integrity of the raw fluorescence imaging data. The analog-to-digital conversions
(ADC) tab page sets system specific parameters. The Spec-10 CCD camera only has one
information ADC rate, 1 MHz with a fast type conversion. The analog gain is set to
medium x2, so that the overall noise is ~1 count per root mean square. The Timing,
Processes, and Save/Load tab pages contain settings either automatically selected or not
available by the PhotonMax:512B CCD camera.
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Correlation between Optical Systems
Correlation between the fluorescence microscopy and spectroscopy systems is
achieved through methodically tracking a single particle across the fluorescence imaging
camera while taking fluorescence spectra at each data point. In this manner, the physical
location of any given particle is mapped to a specific spectrum in the spectral image.
Prior Stage Motorized Computer Control
The Prior Scientific H107 Motorized Inverted Microscope Stage is an important
component for correlation and location determination on the sample slide surface.
LabView 8 is the basis for the Prior Stage Controller virtual instrument (VI) module
(Figure 14). The current position is the location of the motorized stage relative to the
center, 0, 0 microns, of a Cartesian coordinate system. The Left and Right buttons move
the stage left and right, respectively. The Up and Down buttons must be used for the
opposite direction when tracking movement in the fluorescence microscope imaging
camera, due to the images being flipped. The velocity sliding scale bar sets the speed,
microns/second, the stage moves when the directional movement buttons are depressed.
A speed of ~1 micron/sec is quick enough to visually follow movement using the
fluorescence microscopy imaging camera while remaining slow enough to eliminate the
chance of any nanoparticle movement or disturbance on the sample slide surface. The X,
Y Go To box allows the user to input specific coordinates. The Save and Recall box
stores up to three specific location coordinates to return later to said positions. When the
motors of the Prior stage are operational, the green Moving light illuminates and the Halt
button is usable. GO TO ZERO returns the Prior stage to the home, or zero, 0 microns,
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Figure 14. LabView Prior Stage Controller Interface
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center of the travel area. Port selects how the computer connects with and controls the
Prior stage. The STOP button ceases LabView control of the motorized stage but does
not alter coordinates of the last computer controlled position. The 60x total internal
reflection fluorescence objective greatly restricts the total working distance of the Prior
stage, ~ ±300 microns in the x-axis and ±200 microns in the y-axis, as the opening in the
sample stage is only slightly larger than the objective.
Fluorescence Microscopy and Fluorescence Spectroscopy Correlation
Correlation between the fluorescence microscopy imaging camera and the
fluorescence spectrograph camera, is obtained by tracking the movements and associated
spectral changes of an isolated and highly emissive nanoparticle, typically a quantum dot
or europium-containing particle. LabView controlling software programs and controls
the Prior Stage to move exactly 1 µm from the previous data acquisition point. At each
Prior Stage location, a fixed position of the particle is tracked in the 512 x 512 pixel
fluorescence microscopy imaging camera. Discrepancies between the complete linearity
of the Prior Stage positions and the non-linearity of the imaging camera positions are due
to faulty motor control and drift inherent in the Prior Stage. As the location of a particle
in the imaging camera ultimately determines detection by the spectral imaging camera,
precise control of the Prior Stage system for experimental data collection is not required.
As the entrance slit to the spectrograph is vertical, both fluorescence microscopy
and spectroscopy are energy dispersing direction in the y-axis. The energy dispersing
fluorescence microscopy x-axis is plotted against the strip number of the fluorescence
spectrograph as the particle is moved in a controlled fashion. Every time laser alignment
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or the optical pathway is altered, this data association must be verified and/or recalculated
to maintain correlation between the two optical systems. The imaging camera position
and spectral intensities of an Eu:Y2O2S particle were acquired as it was systematically
moved via the Prior Stage Controller (Figure 15). By correlating data from the two
optical systems, precise location on the sample slide is matched to a specific strip in the
spectral image. The linear regression trend line is y=-0.0674x+189.9 with an R2 of
0.9869. Thus, we know a particle with a smaller x-value in the imaging camera will have
a larger strip number in the spectral image.
Atomic Force Microscopy
Atomic force microscopy (AFM) provides surface exploration and single
nanoparticle shape and size confirmation. Additionally, several AFM scans can be
combined together to create a local map, useful in easy identification of fluorescence
microscopy and its corresponding spectroscopy location. A Veeco BioScope system is
combined with Digital Instruments' (DI) Dimension Scanning Probe Microscope (SPM)
head to evaluate and examine the nanoparticle-scattered surface of the sample slides. The
AFM tip and head are controlled through a series of electronic interfaces and instruments
(Figure 16A). The AFM support unit is a large heavy, rigid 3-sided mounting structure
kinematically mounted (via a conical hole, a V-groove, and a flat bottom hole) supporting
the 3-dimensional AFM motor and the AFM head itself. Controls for the motor and head
assembly are contained within the BioScope-2 Electronics and Vacuum Control Box.
Raising and lowering the AFM head, micrometer and smaller adjustments to tip position
on the sample slide, and vacuum suction to the sample stage are all controlled from this
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Figure 15. Maximum fluorescence intensity of a Eu:Y2O2S particle as tracked through the
fluorescence imaging camera and spectrograph. The x-axis from the imaging camera is
plotted against the most intense spectrograph strip.
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AFM head support frame while the remaining control boxes are all self-contained.
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box. Between the AFM support unit and the electronics and vacuum control box, there is
a switch allowing manual control of the helium-neon photodiode alignment laser
(eliminating the reflection of this HeNe laser is helpful when the AFM tip mount is
completely out of alignment). The BioScope-2 Control Box connects directly to the
computer and a series of other adaptive instruments. The NanoScope Extender module
enables frequency modulation or phase detection while the NanoScope Signal Access
Module (SAM) allows direct connections to the electronics within the NanoScope AFM
system. The NanoScope IIIa Controller is, through the Extender and the SAM modules,
the electronic signals and analysis brain connecting the AFM, via the BioScope Control
Box, and the user, via the computer.
The sample slide is vacuum suctioned into place to eliminate vibrations and
ensure a constant, fixed slide position (Figure 17). Thus, the sample slide can be
positioned so a single nanoparticle is aligned for correlated fluorescence spectroscopy
and AFM imaging. The vacuum system is powered by a Medo USA VP0140 linear
piston vacuum pump, displaces 3L of air a minute and is capable of sustaining a vacuum
of -53.3 kPa [57], housed and controlled by the vacuum pump box (Figure 16B). Noise
creating vibrations from the vacuum pump are nearly eliminated by the acoustic
dampener in the vacuum hose line itself and several weights, which cradle the vacuum
hose line from the outside.

The BioScope-2 Electronics and Vacuum Control Box

connects the larger, 6.35 mm outer diameter (OD) x 4.23 mm inner diameter (ID) [58],
heavy polyurethane vacuum hose line with a smaller, 3.18 mm OD x 1.58 mm ID [59],
more flexible, polyurethane hose. This smaller tube connects to the rear of the vacuum
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sample holder. A small, Parker Hannifin 0.01 µm borosilicate microglass filled inline
filter [60] attached to the outside of the BioScope-2 control box removes any immersion
oil or other particulate contaminants from entering the vacuum system underneath of the
sample slide.
The AFM support unit holding AFM head and motor rests on a homemade x- and
y-axis manipulation bridge (Figure 18). The platform for the AFM support unit and the
bridge it rests upon is a Prior Scientific H107 ProScan II inverted microscope motorized
stage [61]. The Prior stage is controlled by LabView software and can be programmed to
0.01 µm in both the x- and y-directions. Mounting posts at either end of the y-axis lift a
three-layer aluminum frame. The bottom layer provides a large, sturdy base connecting
the mounting posts to the upper layers. The middle layer of the bridge has rectangular
frame with caged roller strips on each side, linking movement of all the layers. The
underside of the topmost layer rests and moves atop the roller strips; the topside has a
kinematic set of mounting holes for the AFM support unit. In this manner, the sample
slide has x- and y-axis movement completely independent from any of the atomic force
microscopy movements. The topmost layer manipulates millimeter movement of the
AFM unit by fingertip control of the x-direction by a small knob headed screw pushing
against the bottom, inner-left corner with an accompanying ball-bearing fronted
adjustment screw on the bottom, inner-right corner.

The middle layer manipulates

millimeter movement of the AFM unit in the y-direction by a hex key controlled set
screw, anchored in a small aluminum block, pushing on the outside center. Moving the
AFM head and support unit up (positive in the y-axis as you look down upon the
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instrument) with the set screw is relatively easy as the ball bearing inside the set screw is
pushing the middle layer. Moving the unit down (negative in the same y-axis) is more
time consuming as the ball bearing must retract. To facilitate this process, the x-axis
control knob should be rocked back and forth several times, bumping the set screw into
position. As these two fingertip controls are capable of positioning the AFM tip within
the field of view of the fluorescence microscope binocular field of view.

Further

refinement of the AFM tip position requires precise computer and NanoScope system
control.
Atomic force microscopy (AFM) scans are acquired in tapping mode, where the
AFM tip's vibrating cantilever is kept at constant amplitude creating a continual up and
down cantilever motion. As the cantilever bounces, the reflected laser beam is deflected
in a regular pattern over a photodiode array. The deflection signal is analyzed in the
NanoScope IIIa controller. Tapping mode AFM is beneficial as it does not push or move
the particles on the surface of the sample slide and it helps prevent single nanoparticles
from sticking to the AFM tip and distorting the scan. Bruker AFM Probe's DAFMCH
Tapping Mode Tip Holder for Dimension and BioScope AFM [62] (Figure 19) combined
with silicon etched, conical shaped MikroMasch USA UltraSharp NSC15/AlBS tips with
a probe radius of 10 nm, a typical resonant frequency of 325 kHz, a spring constant of 40
N/m, and an aluminum backside coating [63] were utilized for all nanoparticle surface
examination. An Omega Filter 560 nm center wavelength, 55 nm bandwidth exciter filter
fit into a sliding tray is inserted into the inverted fluorescence microscope directly below
the G-2A filter set. This filter removes excess 560 nm HeNe light from optical path so
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Figure 19. AFM tip holder schematic. Centering the AFM tip cantilever arm within the
cantilever mounting groove is paramount to low-noise surface height AFM scans.
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the AFM tip and cantilever arm can be viewed through the binoculars and fluorescence
microscopy imaging camera.
Fitting and aligning an AFM tip into the AFM tip holder and onto the AFM head,
is itself, a delicate process. The AFM tip holder is secured into the cantilever installation
fixture, designed to match the four electrical mounting sockets with open space for
addition of the AFM tip. Using a pair of very fine pointed tweezers, the AFM tip is
placed into the center of the cantilever mounting groove. The AFM tip holder is then
securely fastened, without jostling or touching the cantilever tip, to the four electrical
mounting socket pins on the AFM head assembly. Laser and photodetector alignment of
the AFM head is done with the head held upright ~2” above a white index card, for clear
viewing of the HeNe laser reflection. The HeNe laser adjustment knobs on top of the
Dimension SPM head (Figure 20) are adjusted until three conditions are simultaneously
met. These are: the laser reflection is a slightly ovoid line centered within the laser
detection window; the laser appears as a bright pinpoint of refracted light from the tip of
the cantilever; and the shadow from this laser refraction casts a red circle with a dark
rectangle upon the white index card providing final confirmation the laser is indeed
positioned upon the tip of the cantilever.
Dampening Atomic Force Microscopy Vibrations
Single particle atomic force microscopy detailed enough to determine size and
shape characteristics of a given particle require very low instrumental noise levels.
Ideally, the AFM noise levels should be at or ~1 nm above the surface roughness of the
sample slides. The entire instrumental set-up rests on optical table floating on a set of
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Newport Research Corporation Pneumatic Isolation XL-A mount legs and after a
diaphragm blowout, a set of Newport Research Corporation’s I-2000 Stabilizer High
Performance Laminar Flow Isolator optical table mount legs. Additionally, the Nikon
inverted microscope rests on a large three layer plastic pad, designed to absorb large
blows without greatly altering overall position. A Newport Research Corporation ATS
Overhead Table Shelf holds the majority of instrumental control components, to reduce
vibrations at their source.

The fluorescence spectroscopy computer, fluorescence

microscope computer, CoolCube, ST-133 Controller, monitors for the AFM system,
NanoScope Controller, Bio-Scope power supply, and AFM computer are all located on
the overhead shelf. The remaining instrumental components rest on the floating optical
table.
Initial system noise was determined by a 10.0 µm AFM surface height scan with a
scan rate of 0.500 Hz and 512 data points per line conducted on an uncleaned quartz
sample slide. Using the zoom function, a ~1.30 µm area was then evaluated for surface
roughness and vibrational noise. Disregarding the horizontal lines caused by touching or
typing on the floating optical table, large swaths of different noise levels and patterns are
clearly visible (Figure 21A). The height scale is set to 50.0 nm, enabling detailed visual
analysis of background noise levels. A representative small area was chosen which
includes portions of both high and low noise regions, ~1.50 µm, was evaluated for
detailed surface roughness (Figure 21B). Within this smaller area, every peak-to-valley
distance was measured using the Section Analysis tool (Figure 21C), leading to an
average noise value of 4.890 nm.
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Figure 21. Non-vibration dampened atomic force microscopy 10 µm surface exploration
height scan (A) of an uncleaned quartz cover slip, an ~1.50 µm area for section analysis
(B), and the profile of this smaller area, with an average noise of 4.890 nm (C). The
horizontal lines in (A) occur whenever the floating optical table is jostled.
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The Nikon inverted microscope with PhotonMax fluorescence camera atop acts as
a giant fulcrum, transmitting even the tiniest vibration from the room to the sample slide.
The cooling liquid exchange lines atop and side ventilation slits of the camera prevent
directly anchoring the hinge-arm of this fulcrum.

The geometry required by the

placement of the CoolCube versus the inlet/outlet ports of the PhotonMax camera negates
the standard approach to hose vibration control.

Two large, L-shaped metal posts

screwed into a reinforced portion of the overhead shelf solve this geometric problem
(Figure 22). Each cooling hose is securely attached to its L-shaped support structure via
two 5 lb. iron weights. In this manner, vibrational noise travelling along the cooling
hoses is reduced while still facilitating proper coolant flow and camera operation.
Additional vibrational dampening techniques and instrumental adaptations are described
in the Appendix.
Once dampening was achieved, the final system noise was determined by a 10.0
µm AFM surface height scan with a scan rate of 0.500 Hz and 512 data points per line
was conducted on an uncleaned quartz sample slide, in the same location on the quartz
cover slip as the initial AFM study (except for inherent instrumental drift). Using the
zoom function, a ~1.30 µm area was evaluated for surface roughness and vibrational
noise. At the same height scale as the initial AFM scan, noise is quite visibly reduced
(Figure 23A). A representative small area was chosen which includes portions of both
high and low noise regions, ~1.50 µm, was evaluated for detailed surface roughness
(Figure 23B). Within this smaller area, each peak-to-valley distance was measured using
the Section Analysis tool (Figure 23C), leading to an average noise value of 1.356 nm.
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Figure 23. Vibration dampened atomic force microscopy 10 µm surface exploration (A)
of an uncleaned quartz cover slip, an ~1.50 µm area for section analysis (B), and the
profile of this smaller area (C).
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Atomic Force Microscopy Computer Alignment and Control
Once these conditions are satisfied, the AFM head is mounted onto the support
unit by counter-intuitively loosening the knurled screw on the right side of the AFM head
mount groove. After the SPM head is securely locked into place, the photodetector
adjustment knobs are used to center the laser spot on the computer detector graphic. The
SUM signal, a combination of the four elements of the quad photodiode position sensitive
detector, ranges from zero to 10. For the MikroMasch NSC15 tips, a Sum value between
2.5 and 3 ensures smooth operation; this is set with the horizontal laser adjustment knob
situated on the right, rear side atop the SPM head. Adjusting the SUM will require
re-alignment of the side mounted photodetector knobs. The root mean square (RMS)
oscillation amplitude measured at the detector, RMS Amplitude, provides the dynamic
feedback signal necessary for surface height tracking in tapping mode AFM.

The

BioScope setup employed requires an RMS Amplitude of 1.75.
Five different control panels must be
correctly set and calibrated for the proper
working conditions of the BioScope controller
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detail. The initial sweep size parameters are a scan size of 20.0 µm (ensuring coverage of
an area the size of a fluorescence microscope image), an aspect ratio of 1:1 (creating a
square scan), and x- and y-offsets set to 0.000 m (until the cantilever tip is located and
moved via the support frame to the center of the work area, no AFM-motor controlled
precise position adjustment is needed). The scan angle is set to 0.00°, keeping the AFM
scan square with the fluorescence microscope imaging camera and binocular visual
viewing port. To help prevent the AFM tip from moving or sticking to any nanoparticles
on the sample slide surface, the scan rate (number of lines scanned per second) is set to a
slow rate, 0.100 to 0.120 Hz. Input data is maximized by acquiring 512 data points per
scan line. Slow scan axis checks for drift or tuning gains and is set to Enabled during
normal operation.
The Feedback Controls panel monitors the signal between the NanoScope
Controller and the cantilever (Figure 25). The SPM feedback is set to Amplitude,
detecting sample slide surface height differences in tapping mode AFM. The two error
signals in the feedback calculation are the integrated and proportional gain errors; these
are controlled by Integral gain, set between
0.05 and 1, and Proportional gain, set
The

Amplitude

Amplitude setpoint defines the amplitude of

0.2500

between 0.25 and 1, respectively.

the cantilever oscillation signal maintained
by the feedback loop and is usually around
0.7 V.

The oscillation frequency and

0.050000

0.70000 V
330.000 kHz
720.0 mV

Figure 25. NanoScope Feedback
Controls Panel Menu
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amplitude of the drive voltage applied to the piezoelectric crystal that vibrates the
cantilever are controlled by the Drive frequency and Drive amplitude values are set by
the NanoScope controller software when using AutoTune.
The Other Controls panel is specific
to the Dimension SPM head used in tapping
mode AFM scans (Figure 26).

The

Tapping
5.000 µm
Metric

Microscope mode selects the type of atomic
force microscopy employed and is Tapping.

8
0.500
2059_G

The Z limit protects the SPM head and
cantilever tip by setting the attenuation value
of the maximum allowable Z voltage and

Disabled

Figure 26. NanoScope Other
Controls Panel Menu

vertical scan range, changes with a new batch of MikroMasch tips, and is set to the
smallest value between 5.000 and 10.000 µm. Units are typically set to Metric and a high
differentiation false-color display range for the Z- or height axis data is set by choosing
Color table 8. The Engage Setpoint increases the tapping force of the cantilever of the
sample slide surface to correct for tracking loss due to scans being performed on an
inverted fluorescence microscope and is set to 0.500.
The Channel 1 and Channel 2 panels control the data being scanned with the
cantilever tip and analyzed by the NanoScope controller (Figure 27). Channel 1 is a
Height Data type scan, where the Z piezo voltage set by the feedback calculation, is
displayed and captured. The Data scale controls the vertical scale corresponding to the
full height of the display and color bar. An initial Data scale value should be about
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double the height of the nanoparticles on the

A

sample slide surface minus the inherent

Height
100.00 nm

background thickness of the sample slide and

Trace

cantilever tip anomalies, usually 100.00 nm is

Main
Line

small enough to show nanoparticle location

None

and detail while insuring against any large
pieces of dust or contaminants harming the
cantilever tip. This value is adjusted down, to
50.00 or 60.00 nm, as conditions on the

B
Phase
25.00°
Trace
Main

sample slide surface become known. Channel
2 is a Phase Data type scan; phase data
collected from

the change in

resonant

frequency of the oscillating tapping-mode

Line
None

Figure
27.
NanoScope
Channel 1 (A) and Channel 2
(B) Controls Panel Menus

cantilever tip due to vertical force gradients
from the sample slide surface, is displayed and
captured.

Piezoelectric oscillation feedback calculation data is collected as the tip

performs the left to right Trace and right to left Retrace of the same position. Line
direction selects data collection and analysis when the relative tip motion is right to left.
Scan line controls which data streams are displayed and captured and is set to Main
before any AFM scan begins. The NanoScope software automatically applies a “leveling
plane” removing up to first-order tilt using Realtime planefit. The Line setting subtracts,
from each data point on a given scan line, the slope and z-axis average of said scan line.
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The Offline planefit setting provides additional first-order tilt removal. Under normal
system operation, none is required.
Before any analysis of AFM scans can begin, certain processing of the data must
occur. The Height portion of a data scan is selected, as only one type of data can be
processed or analyzed at a time. The saved raw height data has irregular, unwanted tiltcaused scan line errors. The Flatten command calculates a first-order least squares fit for
the entire scan and subtracts this from each scan line. In this way, a clean, analyzable
reproduction of the raw data is generated.
Correlation between Optical and Physical Systems
Correlation between the fluorescence microscopy and atomic force microscopy
systems is achieved through creation of maps in both systems. Unique and/or easily
identifiable arrangements of particles are found on the sample slide.

Fluorescence

microscopy images are overlaid with large-scale atomic force microscopy images to
create a map for any given region of a sample slide.
Fluorescence Microscopy and Atomic Force Microscopy Correlation
Correlation between the two systems, which are based upon physical location on
the sample slide, the fluorescence microscopy imaging camera and atomic force
microscopy, is obtained by creating and calibrating two large distance maps for the area
of examination. This interlocking map correlation is required anytime there is a large
shift in location on the sample slide. A full fluorescence microscope image of five
NanoPartz gold nSol particles was generated. Three of the particles form a right hand
triangle (a, b, and c). Immediately below the vertical side of this triangle, the remaining

53
two particles form a small line at a distinct angle (d and e) (Figure 28A). The sample
slide was positioned so the triangle-shaped group of nSol particles was directly between
the two upper arms of the fluorescence microscope locator x-shape. The atomic force
microscope's cantilever tip was visually tracked in the fluorescence microscope
binoculars, as the cooling lines for the imaging camera create too much noise and
interference for viable operation of the atomic force microscope. An outside light source,
a Fiber-Lite Model 190 Fiber Optic Illuminator, pointed towards the scanning AFM tip
holder and cantilever arm cast a trackable shadow. The cantilever arm and top of the tip
create the blue triangle shadow (Figure 28B), while the HeNe alignment laser, indicating
exact tip position, is the white dot. An atomic force microscope 20 x 20 µm scan at 0.115
Hz with 512 sample points per line containing the two aforementioned nSol particle
configurations was obtained (Figure 28C). The odd line near the bottom of the AFM map
scan is a defect line from the floating table being bumped causing jarring within the piezo
electronics of the AFM tip and head mount. Using basic geometric and trigonometric
relationships, distances between neighboring particles were determined for both the
fluorescence image map and the AFM scan map (Table 1). Interior angles of the triangle
formed by nSol particles a, b, and c were also calculated. Comparing this information
from the optical world (fluorescence microscopy) and the physical world (AFM), allows
confirmation that the two maps do indeed overlap in the same region. The x, y pixel
coordinates of the center of each nSol particle in the fluorescence image map and the
programming extrapolated horizontal distances of the center of each nSol particle from
the AFM scan data provided the data set. If no sample slide is present, a pinhole slide
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Figure 28. Fluorescence microscopy map of 5 nSol particles (A), fluorescence
microscope image of the atomic force microscope tip, the dark blue shadowed area, and
HeNe alignment laser, the white dot, (B), and atomic force microscopy map of the same 5
nSol particles (C)
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can be used to align both the argon laser light and the AFM HeNe laser light. Typically,
however, a sample slide is vacuum suctioned in place on the Prior stage so AFM and
fluorescence data correlation using a separate pinhole slide is neither desirable nor
particularly feasible.

Table 1. Calibration data for map of 5 nSol particles
Fluorescence Image
AFM Map Scan
Particles Distance (pixels) Angle Distance (µm) Angle
72
44°
4.859
45°
ab
85
56°
5.684
56°
bc
102
80°
6.682
79°
ac
de
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3.554

Sample Slide Preparation
Sample preparation is a straightforward but exacting process. Proper selection
and cleanliness of the sample slide, dilution, and solvent choice of the sample solution,
and nanoparticle application to the sample slide are the critical aspects in creating a
sample slide with a proper distribution of single nanoparticles.
Sample slides must be within the optimal optical working distance of the total
internal reflection fluorescence (TIRF) inverted microscope. Originally, sample slides
were created using standard microscope slides, approximately 1 mm thick. Although this
thickness is a boon to stable, low-noise atomic force microscopy, these slides proved too
thick to be viable in the optical working distance of the inverted microscope. Fisherfinest
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Premium Cover Glass and Thermo microscope slide cover slips were investigated as
microscope cover slips were thought to be ideal, being much thinner and therefore well
within the optical working distance. However, glass microscope cover slips of any
variety have two major problems. One, the surfaces of the glass cover slips are too
uneven and therefore are unsuitable for low-noise, reproducible atomic force microscopy
on single nanoparticles. Two, low level fluorescence is emitted by glass cover slips,
which can interfere with low-intensity, single particle spectroscopy (Figure 29). Both
problems are eliminated by creating samples on Technical Glass Product’s quartz 1”
square microscope cover slips, made from GE 124 Fused Quartz.

Using a slide

micrometer caliper, the thickness of the quartz cover slips is measured on all sides and
averaged to determine thickness. Background emission was assessed under experimental
conditions, that is, the argon-ion laser power at the sample slide was ~3 mW for three 5second collection times, which were then averaged together. The Corning glass cover
slip, representative of standard glass cover slips, has a large, distinct background which
interferes with low-level single nanoparticle fluorescence. The Technical Glass Products
quartz cover slip has almost no background emission. That is, the quartz cover slip is a
consistent 5 to 10 CCD counts per second above the CCD noise level.
Cleanliness of the sample slides must strike a balance between being clean
enough to eliminate contaminants and leave a surface able to immobilize a single
nanoparticle. Sample slides are handled at the outermost corners or by the edges to
prevent dirt, oil, and fingerprint smudges from the surfaces. A modified hydrolysis
process (a simplification of the RCA Standard Clean-1 process) proved more than
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Figure 29. Comparison of background cover slip emission intensities. A glass cover slip
has an emissive background which interferes with low-intensity single nanoparticle
fluorescence. A quartz cover slip has no emissive background.
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adequate to remove contaminants from the sample slide without leaving a surface too
slick for a single nanoparticle to adhere. Each blank sample slide is sonicated in a 5%
Bronson soap solution for 15 minutes and then thoroughly rinsed under running ultrapure
deionized water, a reverse osmosis supplied Barnstead NanoPure II ultrapure water
system, which creates 18.0 MΩ/cm deionized water, for 30 seconds on every side and
edge. While still wet, the slide is placed in the hydrolysis solution at 70° for 30 minutes.
The hydrolysis solution is a 1:2:3 mixture of hydrogen peroxide, ammonium hydroxide,
and ultrapure deionized water, respectively. After hydrolysis, the now clean sample slide
in sonicated in ultrapure deionized water for 15 minutes. The blank sample slides are
stored in ultrapure water until needed, at which time they are blown dry with 99.999%
pure argon or nitrogen gas.
A unique aspect of single nanoparticle emission spectroscopy is the need for a
“Goldilocks” sample slide. That is, a sample slide disperse enough to allow single
particle detection and evaluation without nearby particle interference or bleed-through
effects while still providing enough single particle coverage to facilitate experimental
reproducibility all while ensuring each particle on the sample slide is indeed a single
nanoparticle and not a cluster of nanoparticles. Nanoparticle sample dilution and spray
application of this solution must work in concert to achieve this necessary sample slide
coverage, enough single nanoparticles to detect without interference from surrounding
particles. Whether commercially available or laboratory created, nanoparticles are stored
in solvent. Ethanol, with its shelf stability and low vaporization point, is used to dilute
the concentrated nanoparticle solutions.
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Single particle dispersion can be achieved through two methods. A single drop of
highly dilute solution of nanoparticles is created using a quickly evaporating solvent,
typically ethanol, is dropped onto the cleaned sample slide. Alternatively, clean sample
slides are sprayed with a dilute sample solution. Before spraying, the sample solution is
sonicated for 30 seconds ensuring nanoparticle clusters separate into single nanoparticles.
The cleaned slide has its identifying sample number marked with a fine-tip Sharpie
permanent marker in the upper left corner, an area unable to be explored in the inverted
fluorescence microscope instrumental set-up.

In order to minimize any adverse

(reshaping or squishing) effects on the single nanoparticles, the sample slide is hung in a
roughly vertical position. The upper edge of the sample slide is covered with a strip of
Teflon thread sealing tape and clamped, over this tape, to prevent any ethanol from
interacting with the ink and smearing into the working area of the sample slide. Sample
solutions are sprayed from ~15 cm away using nitrogen gas at 20 psi and a capillary tube,
which has been drawn and bent to promote directional spray with droplets containing a
single nanoparticle (Figure 30). Before and after a new sample slide is created, absolute
ethanol is sprayed though the capillary tube for 60 seconds, cleaning the inside by
removing any residual, unwanted particulate matter. Additionally, when switching from
sample slide creation of one nanoparticle to another, the bent capillary tube is sonicated
in separate baths of deionized water, acetone, and ethanol for 20 to 30 minutes each, and
while positioned both right side up and upside down to ensure complete removal of any
unwanted nanoparticles and contaminants.
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Single Nanoparticle
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Figure 30. Spray nebulization apparatus
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Chapter 3 - Gold Nanoparticles
Introduction
As materials get smaller and smaller, moving into the nanometer range, the
surface properties begin to dominate over the bulk material characteristics [64, 65].
Moordian first described the photoluminescence of noble metals as a three step process:
i) excitation of electrons from the d- to the sp-band to generate electron–hole pairs, ii)
electron and hole scattering processes transfer energy from the electrons to the phonon
lattice, and iii) photon emission occurs as excited electrons in the sp-band recombine with
holes in the d-band [66]. Mie Theory predicts the optical and electromagnetic scattering,
surface plasmon resonance, for a single spherical nanoparticle illuminated by a plane
incident wave light [51]. Su et al observed a the surface plasmon resonance peak
wavelength redshifts when two elliptical gold nanoparticles were brought into close
proximity as compared to the individual gold nanoparticles [67]. This wavelength shift
decays almost exponentially as the two gold nanoparticles are positioned further and
further apart. Rechberger et al ascribe this redshift by enhancement or weakening of the
surface plasmon electrons due to the charge distribution availability of the neighboring
gold nanoparticle [68].
Link et al further expanded upon Mie-Gans’ theory of oblate and prolate gold
nanoparticles to determine the surface plasmon resonance wavelengths of non-perfectly
spheroid gold nanoparticles was dependent upon the aspect ratios of the gold nanoparticle
and environmental dielectric constants [69, 70, 71, 72]. Eustis and El-Sayed as well as
Huang et al characterize the surface plasmon absorption spectra of gold nanorods of
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various aspect ratios [73, 74]. The transverse (diameter) surface plasmon resonance
mode always appears near ~520 nm and decreases in intensity with increasing aspect
ratio. The longitudinal surface plasmon resonance mode redshifts from the visible into
the near infrared wavelengths and increases in intensity with increasing aspect ratio. Li
et all demonstrate that while gold nanoctahedron have a single dipole surface plasmon
resonance, numerous peaks in the UV-visible spectra of larger gold nanoctahedron edge
lengths indicate multipolar excitation [75].

Li et al later calculate these multipolar

excitation modes for gold nanoctahedra as two in-plane and one out-of-plane surface
plasmon excitation modes [76]. Here, the plane bisects the octahedron into two square
pyramids. In-plane modes have electron oscillations with this plane while the out-ofplane mode has a charge oscillation perpendicular to the bisecting plane. The two inplane modes are either an edge dipole mode, the polarizations are parallel to the edges of
two neighboring corners, or a cross dipole mode, the polarization run diagonally across
the square face of a bisected octahedron. The two in-plane surface plasmon polarization
modes are strongly coupled and it is expected that all three dipole polarization modes will
mix and interact when a gold nanoctahedra is not perfectly aligned, either parallel or
perpendicular, with the incoming evanescent wave.
Any biomedical, sensor, nanotechnology, or other usage of gold nanoparticles
designed to exploit these unique optical properties will occur in either solution or with an
individual gold nanoparticle immobilized in some manner [77, 78]. Immobilization upon
a surface alters the optical properties of individual gold nanoparticles and their
interactions with neighboring gold nanoparticles. Gaiduk et al report gold nanospheres of
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5 and 20 nm with absorbance peaks blueshifting from 530 nm, immobilized but in
glycerol, to 500 nm when immobilized and in air [79, 80]. It is assumed the emission
peaks would exhibit the same wavelength blueshifting due to environmental changes but
at longer wavelengths. Tcherniak et al report a 50 nm blueshift in 27 x 75 nm gold
nanorod fluorescence when the immobilized gold nanorod environment changes from
water to air, from ~695 nm to ~645 nm [81]. Here, the transverse surface plasmon mode
is a separate peak from the longitudinal surface plasmon mode when measured in water.
However, when in air, the longitudinal surface plasmon resonance peak blueshifts to such
a degree that it overlaps with and obscures the transverse surface plasmon resonance
peak. Shuford et al see similar effects with gold nanoctahedra immobilized and in air
versus in solution [82, 76].

Here, a single 60 nm edge length gold nanoctahedra,

immobilized and in air, has a fluorescence peak at 560 nm compared to bimodal
extinction spectra of a 63 nm edge length gold nanoctahedron with peaks at 580 and 620
nm. In this paper, we investigate the fluorescence of gold nanospheres, single gold
nanorods, a single gold nanoctahedra, and a dimer of two, <5 nm spaced gold
nanoctahedra through correlated total internal reflection fluorescence and atomic force
microscopy.
Gold Nanospheres
Spherical gold nanoparticles were examined due to their widely accepted spectral
characteristics. nanoComposix’ 75 nm Silica Coated Gold Colloids concentrated to ~1010
particles per mL to, lot # GLDK081023CSIL081023A, were examined [83]. The gold
nanosphere core is 74 ±9 nm with 5 nm silica shell. A dilute 1:10 solution of 75 nm
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silica coated gold nanospheres stock solution absolute ethanol solution was dropped onto
a 0.21 mm thick Technical Glass Products quartz microscope cover slip previously
cleaned using the modified hydrolysis cleaning method. Three of these gold nanospheres
were examined, a,1 b, and c, by tracking the fluorescence spectral intensity and
fluorescence image intensity through time. These silica coated gold nanospheres were
chosen due to the complete lack of surrounding particles.

Correlated atomic force

microscopy surface height data for these 75 nm silica coated gold nanospheres is of
insufficient quality to use for any analytical purposes.
The average of three 5-second fluorescence images where 20% of the total
fluorescence was directed into the PhotonMax CCD reveals either a single or a cluster of
75 nm silica coated gold nanospheres, a (Figure 31). a is centered at 253, 407 pixels
with an averaged maximum intensity of 17,677 counts per 5 seconds. The argon-ion
laser power at the sample slide was ~3 mW and 80% of the gold nanosphere fluorescence
was directed into the HoloSpec spectrograph. The corresponding fluorescence spectrum
is the average of five consecutive 5 minutes scans, background subtracted, and smoothed
to reduce noise. a has a narrow peak centered at 544 nm (Figure 32).
The average of three 5-second fluorescence images where 20% of the total
fluorescence was directed into the PhotonMax CCD reveals either a single or a cluster of
75 nm silica coated gold nanospheres, b (Figure 33). b is centered at 256, 403 pixels
with an averaged maximum intensity of 18,199 counts per 5 seconds. The argon-ion
laser power at the sample slide was ~3 mW and 80% of the fluorescence was directed

1

Particles of interest are identified using the lower-case letters offset in a different font.
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Figure 31. Fluorescence image of a 75 nm silica coated gold nanosphere, a, immobilized
on a quartz cover slip.
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Figure 32. Fluorescence spectrum of a, a 75 nm silica coated gold nanosphere,
immobilized on a quartz cover slip. Fluorescence spectral data was acquired by five
consecutive 5 minute scans, background subtracted, and smoothed to reduce noise.
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Figure 33. Fluorescence image of a 75 nm silica coated gold nanosphere, b, immobilized
on a quartz cover slip.
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into the HoloSpec spectrograph. The corresponding fluorescence spectrum is the average
of five consecutive 5 minutes scans, background subtracted, and smoothed to reduce
noise. b has two narrow, overlapping peaks centered at 545 nm and 552 nm (Figure 34).
The average of three 5-second fluorescence images where 20% of the total
fluorescence was directed into the PhotonMax CCD reveals either a single or a cluster of
75 nm silica coated gold nanospheres, c (Figure 35). c is centered at 239, 398 pixels with
an averaged maximum intensity of 12,233 counts per 5 seconds. The argon-ion laser
power at the sample slide was ~3 mW and 80% of the fluorescence was directed into the
HoloSpec spectrograph. The corresponding fluorescence spectrum is the average of five
consecutive 5 minutes scans, background subtracted, and smoothed to reduce noise. An
additional fluorescence spectra was obtained to evaluate long-term gold nanosphere
fluorescence emission stability. This scan was an average of five consecutive 10 minutes
scans, background subtracted, and smoothed to reduce noise.

Fluorescence spectral

intensity of the 10 minute scan was halved for comparison with the 5 minute scan. The
averaged 5 minute fluorescence spectrum of c has three overlapping peaks centered at
532 nm, 538 nm, and 543 nm while the averaged 10 minute fluorescence spectrum of c
has three overlapping peaks centered at 534 nm, 539 nm, and 543 nm (Figure 36). The
fluorescence spectrum of c only marginally changed under repeated, direct exposure to
the argon-ion laser beam. Therefore, silica coated gold nanospheres are stable when
immobilized in-air on a quartz cover slip at the ~3 mW argon-ion laser power used in
these experiments.
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Figure 34. Fluorescence spectrum of b, a 75 nm silica coated gold nanosphere,
immobilized on a quartz cover slip. Fluorescence spectral data was acquired by five
consecutive 5 minute scans, background subtracted, and smoothed to reduce noise.
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Figure 35. Fluorescence image of a 75 nm silica coated gold nanosphere, c, immobilized
on a quartz cover slip.

71

800

Intensity (counts per 5 minutes)

700
600
500
400
300
200
100
0
500
-100

550

600

650

700

750

800

Wavelength (nm)
c for 5 minutes

c for 10 min

Figure 36. Fluorescence spectrum of c, a 75 nm silica coated gold nanosphere,
immobilized on a quartz cover slip. Fluorescence spectral data was acquired by five
consecutive 5 minute scans (blue) and five consecutive 10 minute scans (purple),
background subtracted, and smoothed to reduce noise.
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A comparison of the normalized fluorescence spectra of a, b, and c shows similar
peak position and shape between a and b while c is blushifted and slightly more intense
(Figure 37). The normalized UV-vis absorption spectra for gold nanospheres of various
sizes in aqueous solution [84] and the fluorescence spectrum are overlaid and compared
(Figure 38). The fluorescence spectrum of a is positioned halfway between the curves
for 60 and 70 nm gold nanospheres. Differences in the observed fluorescence spectrum
and gold nanosphere spectra in aqueous solution are likely the result of a being
immobilized and in air.
The observed fluorescence spectra of gold nanospheres immobilized and in air are
blueshifted from the UV-visible, in solution, spectra. The surface plasmon resonance,
520 nm, is observed in none of the experimental single gold nanosphere fluorescence
spectra. The outer electron cloud, surface plasmon resonance, cannot alone explain the
observed fluorescence spectra. The inner electron cloud, bulk gold photoluminescnece,
also cannot alone explain the observed fluorescence spectra. The vast majority of gold
nanoparticle research is conducted in solution, not on gold nanoparticles immobilized on
quartz and in air. The gold nanosphere silica shell is the same material as the quartz
cover slips used as a foundation for probing these gold nanoparticles. Therefore, any
spectral shifts between the gold nanospheres in solution and those immobilized and in air
are due to environmental factors.
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Figure 37. Normalized fluorescence spectra of a, b, and c, particles of 75 nm silica
coated gold nanospheres, immobilized on a quartz cover slip. Fluorescence spectral data
was acquired by five consecutive 5 minute scans, background subtracted, and smoothed
to reduce noise.
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Figure 38. Normalized fluorescence spectra of a, a 75 nm silica coated gold
nanospheres, immobilized on a quartz cover slip, overlaid atop normalized UV-vis
spectra for gold nanospheres of various sizes, in water. Copyright © 2007 American
Chemical Society.

75
A combination of surface plasmon resonance overlapping (exterior electrons) with bulk
gold photoluminescence (interior electrons) as well as a limited silica coating-quartz
substrate coupling with the environment accounts for the differences in observed
fluorescence spectra.
A series of five consecutive 1, 2, 3, 4, 5, 10, and 15 seconds fluorescence images
were acquired and averaged at each time point for a, b, and c (Figure 39). Background
in the total fluorescence images has not been subtracted. a and b have nearly identical
fluorescence image profiles, with an increase of 2,504 and 2,610 counts per second,
respectively. c only has an increase of 1,606 counts per second. The fluorescence image
intensity tracked though time linear regression fit for a, b, and c have R2 values of
0.9983, 0.9988, and 0.9987, respectively. Tracking the fluorescence image intensity
through time similarly shows silica coated gold nanosphere stability under repeated,
direct exposure to the ~4 mW argon-ion laser beam when exposed to air and immobilized
on a quartz cover slip.
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Figure 39. Fluorescence image intensities tracked through time of a, b, and c, particles
of 75 nm silica coated gold nanospheres, immobilized on a quartz cover slip.
Fluorescence image data was acquired by five consecutive 1, 2, 3, 4, 5, 10, and 15
second scans. Each fluorescence image was averaged to reduce CCD variation.
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Gold Nanorods
A dilute solution of Nanopartz nSol rods was made by diluting 150 μL of the
manufacturer’s supplied solution of 25 nm by 71 nm nSol organic coated gold nanorods,
lot #B509-1, into 1000 μL absolute ethanol [85]. These gold nanorods have a length to
width aspect ratio of 2.8 with a strong surface plasmon resonance peak at 691 nm and a
weak localized surface plasmon resonance peak at 520 nm (Figure 40).

nSol gold

nanorods have an aspect ratio distribution of 2.8 ±0.3 [39, 86]. To keep the aspect ratio
of the nSol gold nanorods constant, actual dimensions of the nanorods can vary by up to
10% or by 25 ±2.5-3 nm in the transverse (axial) diameter and 71 ±7-10 nm in the
longitudinal axis.
A 0.2025 mm thick Technical Glass Products quartz microscope cover slip was
cleaned by the modified hydrolysis process and blown dry with argon gas. The dilute
nSol gold nanorod solution was dropped onto the quartz cover slip and evaporated dry in
a hood.

A distinctive “W” shaped pattern of nanorods, tilted approximately 45°

clockwise, was immediately evident. There is also a pair of particles directly underneath
this “W.” d, e, f, g, and h are the five points of the “W” and are singles or clusters of 30
nm x 70 nm nSol gold nanorods. i and j are the upper left and lower right pair of singles
or clusters of 25 nm nSol gold nanorods, respectively. A series of five data sets captures
individual particle or cluster fluorescence. Due to a technical malfunction with the
HoloSpec spectrograph, there is no individual fluorescence spectral data for d.
Correlated atomic force microscopy surface height data for these gold nanorods is of
insufficient quality to use for any analytical purposes.
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Figure 40. UV-vis spectra of nanoPartzTM 25 nm x 71 nm nSol organic gold nanorods in
a solution of short chained alkane alcohol. The surface plasmon resonance and localized
surface plasmon resonance peaks are at 691 nm and 520 nm, respectively. Courtesy of
nanoPartz.
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Fluorescence spectroscopic data for e was actually captured twice. The first
fluorescence microscopy image, with e centered in the argon-ion laser spot, is the
average of three consecutive 5-second long fluorescence images using 20% of the total
fluorescence directed into the PhotonMax CCD (Figure 41). e is centered at 224, 220
pixels with an intensity of 15,865 counts per 5 seconds. d, f, g, and h are visible in the
fluorescence microscopy image but the light entering the fluorescence spectrograph is
constrained to only detect e. The second fluorescence image, with f centered in the
argon-ion laser spot, is the average of three consecutive 5-second long fluorescence
images using 20% of the total fluorescence directed into the PhotonMax CCD (Figure
42).

This second fluorescence image and corresponding fluorescence spectra was

acquired a month after the first fluorescence image and is translated 0.04, -2.52 μm in the
x- and y-directions using the Prior Stage controller. Here, e is centered at 174, 249 pixels
with an intensity of 11,103 counts per 5 seconds.

d, g, and h are visible in the

fluorescence microscopy image but the light entering the fluorescence spectrograph was
constrained to only detect e and f. The argon-ion laser power at the sample slide was ~3
mW and 80% of the fluorescence was directed into the HoloSpec spectrograph. The
fluorescence spectrum for e likely contains a negligible amount of scattered fluorescence
from d. e and f have distinct and separate fluorescence spectra (Figure 43). Both
fluorescence spectra of e have the same shape, simply different intensities, with a narrow
peak at 672 nm (Figure 44).
The fluorescence microscopy image with f centered in the argon-ion laser spot, is
the average of three consecutive 5-second long fluorescence images using 20% of the
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Figure 41. Fluorescence image of 25 nm by 71 nm nSol polymer coated gold nanorods d,
e, f, g, and h, immobilized on a quartz cover slip, with the argon-ion laser spot centered
on e.
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Figure 42. Fluorescence image of 25 nm by 71 nm nSol polymer coated gold nanorods d,
e, f, g, and h, immobilized on a quartz cover slip, with the argon-ion laser spot centered
on f.
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Figure 43. Fluorescence spectral image of e and f, two particles or clusters of 25 nm by
71 nm nSol polymer coated gold nanorods, immobilized on a quartz cover slip.
Fluorescence spectral data was acquired by three consecutive 5 minutes scans and
background subtracted (the red line is the emission from a particle in the background
subtraction fluorescence spectral image).
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Figure 44. Fluorescence spectra of e, a particle of 25 nm by 71 nm nSol polymer coated
gold nanorods, immobilized on a quartz cover slip. Fluorescence spectral data was
acquired by three consecutive 5 minute scans, background subtracted, and smoothed to
reduce noise.
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total fluorescence directed into the PhotonMax CCD (Figure 42). Here, f is centered at
241, 247 pixels with an intensity of 17,665 counts per 5 seconds. d, g, and h are visible
in the fluorescence microscopy image but the light entering the fluorescence spectrograph
was constrained to only detect e and f. The argon-ion laser power at the sample slide
was ~3 mW and 80% of the fluorescence was directed into the HoloSpec spectrograph.
The fluorescence spectrum for f likely contains a negligible amount of scattered
fluorescence from g. e and f have distinct and separate fluorescence spectra (Figure 43).
f has a narrow peak centered at 628 nm (Figure 45).
The fluorescence microscopy image with g and h centered in the argon-ion laser
spot, is the average of three consecutive 5-second long fluorescence images using 20% of
the total fluorescence directed into the PhotonMax CCD (Figure 46). Here, g is centered
at 209, 228 pixels with an intensity of 13,984 counts per 5 seconds. f, i, and j are visible
in the fluorescence microscopy image but the light entering the fluorescence spectrograph
was constrained to only detect g and h. The argon-ion laser power at the sample slide
was ~3 mW and 80% of the fluorescence was directed into the HoloSpec spectrograph.
The fluorescence spectrum for g likely contains a negligible amount of scattered
fluorescence from f. g and h have distinct and separate fluorescence spectra (Figure 47).
g has a narrow peak centered at 660 nm (Figure 48).
Fluorescence spectroscopic data for h was also captured twice, with the second
corresponding fluorescence image and spectra acquired more than a month after the first
data set. The first fluorescence microscopy image, with g and h centered in the argonion laser spot, is the average of three consecutive 5-second long fluorescence images
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Figure 45. Fluorescence spectrum of f, a particle of 25 nm by 71 nm nSol polymer coated
gold nanorods, immobilized on a quartz cover slip. Fluorescence spectral data was
acquired by three consecutive 5 minute scans, background subtracted, and smoothed to
reduce noise.
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Figure 46. Fluorescence image of 25 nm by 71 nm nSol polymer coated gold nanorods f,
g, h, i, and j, immobilized on a quartz cover slip, with the argon-ion laser spot centered
between g and h.
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Figure 47. Fluorescence spectral image of g and h, two clusters of 25 nm by 71 nm nSol
polymer coated gold nanorods, immobilized on a quartz cover slip. Fluorescence
spectral data was acquired by three consecutive 5 minutes scans, background subtracted,
and includes a row of dead pixels (679 nm).
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Figure 48. Fluorescence spectrum of g, a particle of 25 nm by 71 nm nSol polymer
coated gold nanorods, immobilized on a quartz cover slip. Fluorescence spectral data
was acquired by three consecutive 5 minute scans, background subtracted, and smoothed
to reduce noise.
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using 20% of the total fluorescence directed into the PhotonMax CCD (Figure 46). Here,
h is centered at 293, 217 pixels with an intensity of 35,982 counts per 5 seconds. f, i, and
j are visible in the fluorescence microscopy image but the light entering the fluorescence
spectrograph was constrained to only detect g and h. The argon-ion laser power at the
sample slide was ~3 mW and 80% of the fluorescence was directed into the HoloSpec
spectrograph. g and h have distinct and separate fluorescence spectra (Figure 47). h has
a narrow peak centered at 660 nm (Figure 48). The second fluorescence microscopy
image, with h centered in the argon-ion laser spot, is the average of three consecutive 5second long fluorescence images using 20% of the total fluorescence directed into the
PhotonMax CCD and is translated -0.72, 1.56 μm in the x- and y-directions using the
Prior Stage controller (Figure 49). h is centered at 227, 223 pixels with an intensity of
32,655 counts per 5 seconds. f, i, and j are visible in the fluorescence microscopy image
but the light entering the fluorescence spectrograph was constrained to only detect h. h
has an incredibly broad peak, centered around 658 nm and is certainly more than a single
25 nm by 70 nSol polymer coated gold nanorod (Figure 50).
The fluorescence microscopy image with i and j centered in the argon-ion laser
spot, is the average of three consecutive 5-second long fluorescence images using 20% of
the total fluorescence directed into the PhotonMax CCD (Figure 51). i is centered at 228,
225 pixels with an intensity of 18,443 counts per 5 seconds while j is centered at 267, 260
pixels with an intensity of 21,832 counts per 5 seconds. The argon-ion laser power at the
sample slide was ~3 mW and 80% of the fluorescence was directed into the HoloSpec
spectrograph. i and j have distinct and separate fluorescence spectra (Figure 52). i has
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Figure 49. Fluorescence image of 25 nm by 71 nm nSol polymer coated gold nanorods f,
g, h, i, and j, immobilized on a quartz cover slip, with the argon-ion laser spot centered
on h.
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Figure 50. Fluorescence spectrum of h, a cluster of 25 nm by 71 nm nSol polymer coated
gold nanorods, immobilized on a quartz cover slip. Fluorescence spectral data was
acquired by three consecutive 5 minute scans, background subtracted, and smoothed to
reduce noise.
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Figure 51. Fluorescence image of 25 nm by 71 nm nSol polymer coated gold nanorods i
and j, immobilized on a quartz cover slip.
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Figure 52. Fluorescence spectral image of i and j, two particles of 25 nm by 71 nm nSol
polymer coated gold nanorods, immobilized on a quartz cover slip. Fluorescence
spectral data was acquired by three consecutive 5 minutes scans, background subtracted,
and includes a row of dead pixels (679 nm).
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two overlapping narrow peaks, one at 642 nm and the other at 651 nm (Figure 53). j has
a narrow peak centered at 637 nm (Figure 54).
A comparison of the fluorescence spectra of e, f, g, h, i, and j shows all particles
except h are probable single 25 nm x 71 nm nSol polymer coated gold nanorods.
Interestingly, transverse (along the diameter) axis localized surface plasmon resonance is
present in none of the immobilized, open air 25 nm x 71 nm nSol gold nanorod
fluorescence spectra. Normalized fluorescence spectral data for e, f, g, i, and j show
each particle has a peak approximately the same width, with i being a potential dimer of
two 25 nm x 71 nm nSol polymer coated gold nanorods (Figure 55). The variations in
peak positions for e, f, g, i, and j are due to inherent differences in gold nanorod size,
aspect ratio, and, to a lesser degree, longitudinal axis orientation to the evanescent waves
of the argon-ion laser beam. Slight variations in the length or diameter of a gold nanorod
drastically change the aspect ratio, red- or blueshifting the surface plasmon resonance
peaks. If the diameter of the gold nanorod reduces from 25 nm to 23 nm, the aspect ratio
increases from 2.8 to 3.1. Experimental observations of several single gold nanorod
fluorescence spectra demonstrate the ensemble averaging effect of solution sprectra. As
neither atomic force microscopy surface height data of sufficient quality and detail nor an
SEM or TEM image of the nSol gold nanorods exist, a definite cause for the shift in
longitudinal surface plasmon resonance peak wavelength cannot be established.
The normalized fluorescence spectra for e, f, g, i, and j are overlaid and
compared with the nanoPartz nSol gold nanorod UV-vis solution spectra for 25 nm by 71
nm gold nanorods [85] (Figure 56). All of the observed fluorescence spectra are
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Figure 53. Fluorescence spectrum of i, a particle of 25 nm by 71 nm nSol polymer coated
gold nanorods, immobilized on a quartz cover slip. Fluorescence spectral data was
acquired by three consecutive 5 minute scans, background subtracted, and smoothed to
reduce noise.
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Figure 54. Fluorescence spectrum of j, a particle of 25 nm by 71 nm nSol polymer coated
gold nanorods, immobilized on a quartz cover slip. Fluorescence spectral data was
acquired by three consecutive 5 minute scans, background subtracted, and smoothed to
reduce noise.
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Figure 55. Normalized fluorescence spectra of e, f, g, i, and j, particles or clusters of 25
nm by 71 nm nSol polymer coated gold nanorods, immobilized on a quartz cover slip.
Fluorescence spectral data was acquired by three consecutive 5 minute scans,
background subtracted, and smoothed to reduce noise.
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Figure 56. The normalized fluorescence spectra of e, f, g, i, and j, particles or clusters of
25 nm by 71 nm nSol polymer coated gold nanorods, immobilized on a quartz cover slip,
overlaid against the nanoPartz UV-vis spectra for the 25 nm by 71 nm nSol gold
nanorods, in solution. Adapted from © 2011 nanoPartz, Inc.
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blueshifted from the nanoPartz solution spectra. An overlaid comparison between the
normalized fluorescence spectra for e, f, g, i, and j, 25 nm by 71 nm nSol gold nanorods
with an aspect ratio of 2.8 and the nSol gold nanorod UV-vis solution spectra for a
variety of nSol gold nanorod sizes, a 25 nm diameter by 34, 47, 60, 73, or 86 nm rod
lengths, [87] yields an interesting result (Figure 57). Here, the normalized fluorescence
spectra for e, f, g, i, and j, are blueshifted so that the observed spectra all overlap with
the 25 nm by 60 nm gold nanorod spectrum, not the 25 nm by 71 nm gold nanorod
spectrum.
An overlaid comparison between the normalized fluorescence spectra for e, f, g,
i, and j, 25 nm by 71 nm nSol gold nanorods with an aspect ratio of 2.8 and gold nanorod
extinction spectra for a variety of gold nanorod aspect ratios, 2.4, 3.1, 3.9, 4.8, and 5.6,
[88] further verifies the previous observed blueshifted fluorescence spectra (Figure 58).
Here, the normalized fluorescence spectra for e, f, g, i, and j, all comprise some portion
of the 2.4 aspect ratio longitudinal surface plasmon resonance peak.

An overlaid

comparison between the normalized fluorescence spectra for e, f, g, i, and j, 25 nm by 71
nm nSol gold nanorods with an aspect ratio of 2.8 and gold nanorod absorption solution
spectra for a variety of gold nanorod aspect ratios, 2.25, 3.25, 4.75, 5.00, and 6.00, [89]
again shows an unexpected overlap (Figure 59). Here, the normalized fluorescence
spectra for e, f, g, i, and j, all comprise some portion of the 2.25, or slightly larger,
aspect ratio longitudinal surface plasmon resonance peak.

An overlaid comparison

between the normalized fluorescence spectra for e, f, g, i, and j, 25 nm by 71 nm nSol
gold nanorods with an aspect ratio of 2.8 and gold nanorod fluorescence solution spectra
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Figure 57. The normalized fluorescence spectra of e, f, g, i, and j, particles or clusters of
25 nm by 71 nm nSol polymer coated gold nanorods, immobilized on a quartz cover slip,
overlaid against the nanoPartz UV-vis spectra for a variety of nSol gold nanorods sizes,
in solution. Adapted from © 2012 nanoPartz, Inc.
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Figure 58. The normalized fluorescence spectra of e, f, g, i, and j, particles or clusters of
25 nm by 71 nm nSol polymer coated gold nanorods, immobilized on a quartz cover slip,
overlaid against the surface plasmon resonance extinction spectra for a variety of gold
nanorods aspect ratios, 2.4, 3.1, 3.9, 4.8, and 5.6, in solution. Adapted from © 2006
American Chemical Society.
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Figure 59. The normalized fluorescence spectra of e, f, g, i, and j, particles or clusters of
25 nm by 71 nm nSol polymer coated gold nanorods, immobilized on a quartz cover slip,
overlaid against the absorption spectra for a variety of gold nanorods aspect ratios, 2.25,
3.25, 4.75, 5.00, and 6.00, in solution. Adapted from © 2005 American Chemical
Society.
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for a variety of gold nanorod aspect ratios, 2.25, 3.25, 4.75, 5.00, and 6.00, [89] shows
something entirely different (Figure 60). Here, the normalized fluorescence spectra for e,
f, g, i, and j, are all redshifted even from the 6.00 aspect ratio peak.
The observed fluorescence spectra of gold nanorods immobilized and in air are
blueshifted from UV-visible, surface plasmon resonance extinction, and absorption
spectra in solution and redshifted from the fluorescence spectra, in solution.

The

transverse surface plasmon resonance, 520 nm, is observed in none of the experimental
single gold nanorod fluorescence spectra.

Longitudinal surface plasmon resonance

redshifts gold nanorod absorption spectra, again not observed in the experimental
fluorescence spectra.

The outer electron cloud, transverse and longitudinal surface

plasmon resonance, cannot alone explain the observed fluorescence spectra.
The inner electron cloud, bulk gold photoluminescnece, cannot alone explain the
observed fluorescence spectra. In solution, gold nanorods self-absorb, that is, the surface
plasmon resonance from one gold nanorod is absorbed by another gold nanorod. As our
gold nanorods are individually immobilized on a quartz sample slide, no such selfabsorption is possible.

A combination of longitudinal surface plasmon resonance

overlapping (exterior electrons) with bulk gold photoluminescence (interior electrons) as
well as a lack of gold nanorods self-absorbtion within a solvent environment accounts for
the differences in observed fluorescence spectra.
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Figure 60. The normalized fluorescence spectra of e, f, g, i, and j, particles or clusters of
25 nm by 71 nm nSol polymer coated gold nanorods, immobilized on a quartz cover slip,
overlaid against the fluorescence spectra for a variety of gold nanorods aspect ratios,
2.25, 3.25, 4.75, 5.00, and 6.00, in solution. Adapted from © 2005 American Chemical
Society.
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Gold Nanoctahedra
Gold nanoctahedra were synthesized using a
modified polyol process where a small amount of sodium
borohydride (NaBH4) was added to a polyethylene glycol
600 (PEG 600) solution of polyvinylpyrrolidone (PVP)
prior to the addition of a gold-(III) chloride (AuCl3)
aqueous solution [42]. Gold nanoctahedra can be made

Figure 61. Drawing of a 50
nm gold nanoctahedron

larger, by increasing edge lengths, with addition of
hydrochloric acid (HCl) or smaller, by decreasing edge lengths, by adding sodium
hydroxide (NaOH) [42]. In this manner, gold nanoctahedra with edge lengths of 50 nm
were studied (Figure 61). The total length of a 50 nm nanoctahedron is 70.71 nm.
When the argon-ion laser spot is centered on k and l, the average of five 5-second
fluorescence images where 20% of the total fluorescence was directed into the
PhotonMax CCD reveals l has significantly higher intensity than k (Figure 62). k is
centered at 208, 387 pixels with an averaged maximum intensity of 12,999 counts per 5
seconds. The argon-ion laser power at the sample slide was ~3 mW and 80% of the gold
nanoctahedron fluorescence was directed into the HoloSpec spectrograph.

The

corresponding fluorescence spectra are the average of five consecutive 5 minutes scans,
background subtracted, and smoothed to reduce noise. k has an intense main peak at 539
nm with some fluorescence from l bleeding through at 630 nm and 695 nm (Figure 63).
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Figure 62. Fluorescence image of 50 nm edge length gold nanoctahedra k and l
immobilized on a quartz cover slip.
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Figure 63. Fluorescence spectrum of k, a 50 nm edge length gold nanoctahedra,
immobilized on a quartz cover slip. Fluorescence spectral data was acquired by five
consecutive 5 minute scans, background subtracted, and smoothed to reduce noise.
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Figure 64. 2.00 µm atomic force microscopy height and surface data scan of 50 nm edge
length gold nanoctahedra k and l, immobilized on a quartz cover slip.
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A small scale, 2.0 μm, correlated atomic force microscopy (AFM) height surface
scan is centered on both 50 nm edge length gold nanoctahedra, k and l (Figure 64). A
300 nm zoom AFM surface height scan confirms k is a single 50 nm edge length gold
nanoctahedra with an upper, flat triangle face and a lower, sloped triangle face (Figure
65). The AFM cantilever tip has trouble detecting a steeply angled surface with sharp
drop off edges, hence the “bubbling” around the edges of k. Profile sections of the 300
nm zoom of k show the upper, flat triangle face to have an right edge of 47.714 nm
(Figure 66, top) and a left edge of 51.315 nm (Figure 66, bottom). The base edge of the
upper, flat triangle face is shared with the lower, sloped triangle face is 47.714 nm wide
(Figure 67, top). At this middle junction between the upper, flat triangle face and the
lower, sloped triangle face, k is 79.244 nm wide and 44.251 nm high. The profile section
bisecting both the upper, flat triangle face and the lower, sloped triangle face has a length
of 104.88 nm and a height, on the flat, upper triangle face, of 45.765 nm (Figure 67,
bottom).
A small scale, 2.0 μm, correlated atomic force microscopy (AFM) height surface
scan is centered on both 50 nm edge length gold nanoctahedra, k and l (Figure 64). A
300 nm zoom AFM surface height scan confirms k is a single 50 nm edge length gold
nanoctahedra with an upper, flat triangle face and a lower, sloped triangle face (Figure
65). The AFM cantilever tip has trouble detecting a steeply angled surface with sharp
drop off edges, hence the “bubbling” around the edges of k. Profile sections of the 300
nm zoom of k show the upper, flat triangle face to have an right edge of 47.714 nm
(Figure 66, top) and a left edge of 51.315 nm (Figure 66, bottom). The base edge of the
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Figure 65. A 300 nm zoomed atomic force microscopy height and surface data scan of k,
a 50 nm edge length gold nanoctahedra immobilized on a quartz cover slip. An outline of
the upper, flat triangle surface (black) and an outline of the lower, sloped triangle
surface (gray) are included.
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Figure 66. Profiles from the 300 nm zoomed atomic force microscopy height and surface
data scan of k, a 50 nm edge length gold nanoctahedra, immobilized on a quartz cover
slip. The k profile along the right edge of the upper, flat triangle face (top) has a width
of 47.714 nm. The k profile along the left edge of the upper, flat triangle face (bottom)
has a width of 51.315 nm.
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upper, flat triangle face is shared with the lower, sloped triangle face is 47.714 nm wide
(Figure 67, top). At this middle junction between the upper, flat triangle face and the
lower, sloped triangle face, k is 79.244 nm wide and 44.251 nm high. The profile section
bisecting both the upper, flat triangle face and the lower, sloped triangle face has a length
of 104.88 nm and a height, on the flat, upper triangle face, of 45.765 nm (Figure 67,
bottom).
In the average of five 5-second fluorescence images where 20% of the total
fluorescence was directed into the PhotonMax CCD, l is centered at 218, 375 pixels with
an averaged maximum intensity of 32,307 counts per 5 seconds (Figure 62). The argonion laser power at the sample slide was ~3 mW and 80% of the gold nanoctahedron
fluorescence was directed into the HoloSpec spectrograph.

The corresponding

fluorescence spectra are the average of five consecutive 5 minutes scans, background
subtracted, and smoothed to reduce noise. l has three distinct peaks centered at 540 nm,
648 nm and 694 nm (Figure 68). A 300 nm zoom AFM surface height scan shows l is a
dimer of two, touching 50 nm edge length gold nanoctahedra with an upper, flat triangle
face and a lower, sloped triangle face (Figure 69). Profile sections of the 300 nm zoom
of l show the upper, flat triangle face to have an right edge of 49.210 nm (Figure 70, top)
and a left edge of 38.910 nm (Figure 70, bottom). Profile sections of the 300 nm zoom of
l show the lower, sloped triangle face to have an right edge of 41.771 nm (Figure 71, top)
and a left edge of 49.210 nm (Figure 71, bottom). The base edge of the upper, flat
triangle face is shared with the lower, sloped triangle face is 46.675 nm wide (Figure 72,
top). At this middle junction between the upper, flat triangle face and the lower, sloped
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Figure 67. Profiles from the 300 nm zoomed atomic force microscopy height and surface
data scan of k, a 50 nm edge length gold nanoctahedra, immobilized on a quartz cover
slip. The k profile along edge joining the upper, flat triangle face and the lower, sloped
triangle face (top) has a width of 47.714 nm. Here, k has a width of 79.224 nm and a
height of 44.251 nm. The k profile bisecting the two triangle faces (bottom) has a length
of 104.88 nm and a height on the upper, flat triangle face of 45.765 nm.
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Figure 68. Fluorescence spectrum of l, a 50 nm edge length gold nanoctahedra,
immobilized on a quartz cover slip. Fluorescence spectral data was acquired by five
consecutive 5 minute scans, background subtracted, and smoothed to reduce noise.
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l

Figure 69. A 300 nm zoomed atomic force microscopy height and surface data scan of l,
a dimer of two, touching 50 nm edge length gold nanoctahedra immobilized on a quartz
cover slip. Outlines of the two nanoctahedra are included: the upper, flat triangle faces
(black) and lower, sloped triangle faces (gray).
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Figure 70. Profiles from the 300 nm zoomed atomic force microscopy height and surface
data scan of l, a dimer of two, touching 50 nm edge length gold nanoctahedra,
immobilized on a quartz cover slip. The l profile along the right edge of the upper, flat
triangle face (top) has a width of 49.210 nm. The l profile along the left edge of the
upper, flat triangle face (bottom) has a width of 38.910 nm.
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Figure 71. Profiles from the 300 nm zoomed atomic force microscopy height and surface
data scan of l, a dimer of two, touching 50 nm edge length gold nanoctahedra,
immobilized on a quartz cover slip. The l profile along the right edge of the lower,
sloped triangle face (top) has a width of 41.771 nm. The l profile along the left edge of
the lower, sloped triangle face (bottom) has a width of 49.210 nm.
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Figure 72. Profiles from the 300 nm zoomed atomic force microscopy height and surface
data scan of l, a dimer of two, touching 50 nm edge length gold nanoctahedra,
immobilized on a quartz cover slip. The l profile along edge joining the upper, flat
triangle face and the lower, sloped triangle face (top) has a width of 46.921 nm. Here, l
has a width of 76.675 nm and a height of 54.515 nm. The l profile bisecting the two
nanoctahedra (bottom) has a length of 133.90 nm and a height on the upper, flat triangle
face of 47.195 nm.
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triangle face, l is 76.675 nm wide and 54.515 nm high. The profile section bisecting both
the upper, flat triangle face and the lower, sloped triangle face has a length of 133.90 nm
and a height, on the flat, upper triangle face, of 47.195 nm (Figure 72, bottom).
Normalized fluorescence spectra for k and l show each particle has an intense 540
nm peak with the dimer l having additional peaks at 648 and 694 nm (Figure 73). The
additional peaks in the fluorescence spectra for l are due to the interactions between the
two gold cores [90]. An overlaid comparison between the normalized fluorescence
spectra for k, a 50 nm edge length gold nanoctahedra, and l, a dimer of two 50 nm edge
length gold nanoctahedra, and the UV-vis absorption spectra for polyol synthesized gold
nanoctahedra with a variety of edge lengths, in ethanol, [43] yields a surprising result
(Figure 74). The observed fluorescence spectra are blueshifted from the absorption
spectra in ethanol. The the normalized fluorescence spectra of k, a 50 nm edge length
gold nanoctahedra, aligns nearly perfectly with the 20 nm edge length UV-vis spectra.
An overlaid comparison between the normalized fluorescence spectra for k, a 50 nm edge
length gold nanoctahedra, and l, a dimer of two 50 nm edge length gold nanoctahedra,
and the UV-vis absorption spectra for hydrothermal synthesized gold nanoctahedra with a
variety of edge lengths, in water, [91] yields a similar blueshifting (Figure 75). An
overlaid comparison of the UV-vis absorption spectra, in ethanol, of gold nanoctahedra
with edge lengths of 18, 33, 51, 69, and 86 nm, and the normalized observed fluorescence
spectra shows k, a 50 nm edge length gold nanoctahedra, is slightly blueshifted from the
18 nm edge length spectra.
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Figure 73. Normalized fluorescence spectra of k, a single 50 nm edge length gold
nanoctahedra, and l, a dimer of two 50 nm edge length gold nanoctahedra, immobilized
on a quartz cover slip. Fluorescence spectral data was acquired by three consecutive 5
minute scans, background subtracted, and smoothed to reduce noise.
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Figure 74. The normalized fluorescence spectra of k, a single 50 nm edge length gold
nanoctahedra, and l, a dimer of two 50 nm edge length gold nanoctahedra, immobilized
on a quartz cover slip, overlaid against the UV-vis absorption spectra for a variety of
gold nanoctahedra edge lengths, in ethanol. The gold nanoctahedra edge lengths are: a
20 nm, b 50 nm, c 63 nm, d 80 nm, e 95 nm, f 110 nm, g 125 nm, h 160 nm, and i 230 nm.
Adapted from © 2008 American Chemical Society.
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Figure 75. The normalized fluorescence spectra of k, a single 50 nm edge length gold
nanoctahedra, and l, a dimer of two 50 nm edge length gold nanoctahedra, immobilized
on a quartz cover slip, overlaid against the UV-vis absorption spectra for a variety of
gold nanoctahedra edge lengths, in water. The gold nanoctahedra edge lengths are: a 18
nm, b 33 nm, c 51 nm, d 69 nm, and e 86 nm. Adapted from © 2008 American Chemical
Society.
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An overlaid comparison between the normalized fluorescence spectra for k, a 50
nm edge length gold nanoctahedra, and l, a dimer of two 50 nm edge length gold
nanoctahedra, and the calculated extinction spectra for gold nanoctahedra with a variety
of edge lengths, in water, [43] also yields a blueshifted result (Figure 76). The observed
fluorescence spectra are blueshifted from the calculated extinction spectra, in water, of
gold nanoctahedra with edge lengths of 20, 63, 95, 125, 160, and 230 nm.

The

normalized fluorescence spectra of k and l are overlaid and compared with the discrete
dipole approximation (DDA) extinction spectra for a 50 nm gold nanoctahedra suspended
in ethanol [92] (Figure 77).
The fluorescence spectral alignment of k, a 50 nm edge length gold nanoctahedra,
and l, a dimer of two 50 nm edge length gold nanoctahedra, with significantly shorter
edge length gold nanoctahedra is probably due to immobilization in air versus in an
ethanol (Figure 74) or water (Figure 76) solution. Atomic force microscopy surface
height calculations confirm k is a single 50 nm edge length gold nanoctahedra. The
additional peaks in the fluorescence spectra of l are attributable to interactions between
the gold cores of the two 50 nm edge length gold nanoctahedra.
The observed fluorescence spectra of gold nanoctahedra immobilized and in air
are blueshifted from UV-visible absorption spectra in ethanol and in water, the calculated
surface plasmon resonance extinction spectra in water, and the calculated DDA extinction
spectra in ethanol. The dipole surface plasmon resonance, a single peak which red shifts
with increasing edge length, is observed in none of the experimental single gold nanorod
fluorescence spectra [43]. The sharp sides and vertices of gold nanoctahedron create
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Figure 76. The normalized fluorescence spectra of k, a single 50 nm edge length gold
nanoctahedra, and l, a dimer of two 50 nm edge length gold nanoctahedra, immobilized
on a quartz cover slip, overlaid against the calculated extinction spectra for a variety of
gold nanoctahedra edge lengths, in water. The gold nanoctahedra edge lengths are: a 20
nm, b 63 nm, c 95 nm, d 125 nm, e 160 nm, and f 230 nm. Adapted from © 2008
American Chemical Society.
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Figure 77. The normalized fluorescence spectra of k, a single 50 nm edge length gold
nanoctahedra, and l, a dimer of two 50 nm edge length gold nanoctahedra, immobilized
on a quartz cover slip, overlaid against the DDA extinction spectra for a 50 nm edge
length gold nanoctahedra, in ethanol. Adapted from © 2007 Kevin L. Shuford.

126
intense local polarization, causing spectral redshifting [93]. Extinction spectra for two 60
nm edge length gold nanoctahedra, immobilized on a glass cover slip and in air, with
varying separation distances have been previously calculated [82]. Here, two distinct
gold nanoctahedra dimer arrangements are created, representing the two geometric limits.
A tip-to-tip dimer occurs when one gold nanoctahedra is a mirror image of the other. A
face-to-face dimer occurs when one gold nanoctahedra is a one-dimensional translation
of the other. The transverse surface plasmon modes lie along the x- and z-axes while the
longitudinal surface plasmon mode lies along the y-axis. In a tip-to-tip orientation, the
transverse surface plasmon mode redshifts from ~540 to 545 nm while the longitudinal
surface plasmon mode blueshifts from ~565 to 545 nm as the tip-to-tip distance increases
from 3 nm to 100 nm, respectively. In a face-to-face orientation, the transverse surface
plasmon mode redshifts from ~535 to 545 nm while the longitudinal surface plasmon
mode blueshifts from ~615 to 545 nm as the face-to-face distance increases from 3 nm to
100 nm, respectively. The transverse surface plasmon modes redshift with increasing
distances between the two gold nanoctahedra due to a weaker coupling of the incident
field to the dimer. The longitudinal surface plasmon modes blueshift with increasing
distances due to strong interparticle coupling between the two gold nanoctahedra which
dissipates as the separation widens. We believe the three fluorescence peaks of l have
three different causes; the 540 nm feature is most likely scattered fluorescence from k
while the 650 and 695 nm features are due to a <5 nm dimer separation of the face-toface transverse and longitudinal surface plasmon modes. These findings are consistent
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with similar studies on coupled gold nanoctahedra and gold nanospheres, all while under
similar conditions [82, 67, 94].
Conclusions
We have investigated the effects of immobilization on quartz and an open air
environment on the fluorescence from gold nanospheres, nanorods, and nanoctahedra as
well as the effects of interparticle coupling on the fluorescence spectra of two closely
spaced gold nanoctahedra.

Individual fluorescence spectra of each type of gold

nanoparticle were recorded, demonstrating spectral variability due to size and shape
differences. In fluorescence spectra of gold nanospheres with a silica shell immobilized
on a quartz slide, only minor variation was observed in the peak position of 3 particles
due to size dispersion.

Also, a relatively small 15 nm shift is observed in the

fluorescence spectra of gold nanospheres with a silica shell immobilized on a quartz slide
as compared to the absorption spectrum of a disperse sample of the spheres in solution.
This is attributed to the silica shell minimizing the effect of changes in the dielectric
environment going from solution to air. In gold nanorod spectra, which have a stronger
spectral dependence on size, five gold nanorod fluorescence spectra, all with similar peak
shape, demonstrate a statistical variation of ~40 nm due to changes in the aspect ratio.
Even with this limited sample size of 5 particles, the composite spectral width is
comparable to what is observed in the absorption spectra of the disperse sample of
nanorods in solution.

As expected, the fluorescence spectra of gold nanorods

immobilized on a quartz slide in air are blueshifted by ~50 nm from the in-solution
absorption spectra, due to differences in the dielectric environment. The fluorescence
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spectra of immobilized gold nanorods also differ from the fluorescence spectra of
nanorods in solution, due to the absence of self-absorption. The spectral fluorescence of
single gold nanorods immobilized on a quartz slide is dominated by longitudinal surface
plasmon emission whereas that emission is self-absorbed in solution. A single gold
nanoctahedron has an intense single fluorescence peak at 540 nm while the spectra of an
interacting pair of gold nanoctahedra show a reduction in the fluorescence intensity near
540 nm and exhibit higher wavelength peaks at 650 and 695 nm. New spectral features
near 700 nm have been previously attributed to particle interactions in nanorod and
nanooctahedra spectra. The peak at 650 nm is a new observation and believed to arise
through the varied spatial ways that two complex shaped octahedra can pair and interact.
This study demonstrates that variability in gold nanoparticle size and interactions with
another gold nanoparticle can be tracked through immobilized fluorescence spectroscopy
and correlated atomic force microscopy.
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Chapter 4 - Gold Nanospheres and Nile Red Dye Interactions
Potential Energy Transfer
Fluorescent dyes in close proximity to the outer surface of a gold nanoparticle can
have their fluorescence emission quenched or enhanced, depending upon the distance
between the fluorophore and the gold core.

Maximum fluorescent dye molecule

fluorescence emission enhancement occurs 7 to 10 nm from the gold nanoparticle surface
[95]. When the fluorescent dye molecule is too close to the gold nanoparticle surface, 5
nm or closer, the fluorescence emission is quenched [50]. The gold nanoparticle surface
and fluorescent dye interaction, enhancing or quenching fluorescence emission from the
dye, occur through-space, not through-bond.
mechanism occurs [96].

It is not well understood how this

Most likely, enhanced or quenched fluorescence emission

occurs via interaction between the surface plasmon resonance of the gold nanoparticle
and fluorescence emission of the fluorophore.
Gold Spheres
The potential energy transfer between gold nanoparticles and fluorescent dye
molecules requires a robust gold nanoparticle.

As any fluorescent dye is brightly

emissive, the gold nanoparticle should also be highly emissive. Gold nanospheres have
only one side and no vertices or corners, simplifying any interactions between the
nanoparticle and the fluorescent dye.

The capping agent on the spherical gold

nanoparticle should be stable and non-interactive with the fluorescent dye.
NanoComposix’ 60 nm NanoXact spherical gold nanoparticles with polyvinylpyrollidone
(PVP) surface coating, lot EAW1157, were utilized to study this potential energy
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transfer. These nanospheres have a gold core of 56.6 nm ± 6.6 nm [97]. In Milli-Q
water, these PVP coated gold nanospheres have a maximum absorbance peak of 531 nm,
per nanoComposix (Figure 78).
The interaction between gold nanospheres and fluorescent dye was studied in
atmosphere, with the particles immobilized on quartz slides. Therefore, a sample slide
with immobilized gold nanospheres with PVP coating but no dye was created. A dilute
solution of 1:5 60 nm gold nanospheres in absolute ethanol was dropped onto a 0.13 mm
thick Technical Glass Products quartz microscope cover slip. Three consecutive 15second long fluorescence spectra were acquired and averaged, all while under standard
instrumental operating conditions. The argon-ion laser output was ~3 mW at the sample
slide with 80% of the gold nanosphere fluorescence directed into the HoloSpec
spectrograph.

When immobilized, these gold nanospheres exhibited fluorescence

peaking at 534 nm (Figure 79) with a diffraction grating and entrance slit error of ±3 nm.
The normalized UV-vis absorption spectra for 60 nm PVP coated gold nanospheres in
aqueous solution [97] and the fluorescence spectrum measured are overlaid and
compared (Figure 80). The sharp edge of the blue side of the spectrum is due to the 514
nm yellow glass cut-off filter (Figure 6). When compared with the normalized UV-vis
absorption spectra for gold nanospheres of various sizes in aqueous solution [84], the
fluorescence spectral peak of the 60 nm PVP coated gold nanospheres is halfway
between the curves for a 40 nm and 50 nm gold nanospheres (Figure 81). Differences in
the observed fluorescence spectrum and gold nanosphere spectra in aqueous solution are
attributed to the 60 nm PVP coated gold nanosphere being immobilized and in air.
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Figure 78. 60 nm PVP coated NanoXact Spherical Gold Nanoparticles Absorbance
Spectrum in Milli-Q water. Courtesy of nanoComposix.
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Figure 79. Fluorescence spectrum of nanoComposix’ NanoXact 60 nm gold nanospheres
with PVP coating immobilized on a quartz cover slip. Fluorescence spectral data was
acquired for 15 seconds, background subtracted, and smoothed to reduce noise.
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Figure 80. Normalized fluorescence spectra of 60 nm PVP coated gold nanospheres,
immobilized on a quartz cover slip, overlaid atop normalized absorbance spectra for 60
nm gold nanospheres, in water. Copyright © 2007 nanoComposix.
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Figure 81. Normalized fluorescence spectra of 60 nm PVP coated gold nanospheres,
immobilized on a quartz cover slip, overlaid atop normalized UV-vis spectra for gold
nanospheres of various sizes. Copyright © 2007 American Chemical Society.
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Fluorescent Dye
The fluorescent dye was chosen based upon its spectral characteristics and
stability.

Reliable detection and identification of the energy transfer between

nanoparticle and dye molecule in the Holospec spectrograph requires a dye must have at
least a 15 nm gap between its absorbance and fluorescence peaks. The ±3 nm resolution
of the spectrograph, due to the diffraction grating and entrance slit width, necessitates a
sufficiently wide gap between the fluorescent dye absorbance and fluorescence peaks.
The fluorescence absorbance peak of the dye should sufficiently overlap with the argonion 488 nm laser light. Additionally, the fluorescence peak of the dye should remain
within the spectral grating detection range of the spectrograph.
The fluorescent stain known as nile red
(Figure 82) fulfills these fluorescence detection
requirements.

Nile red is a positive or

bathochromic solvatochromic dye, that is, the
spectral emissions of nile red redshift with

Figure 82. Nile Red Dye Molecule

increasing solvent polarity [98] [99] [100]. In
ethanol, nile red dye absorbs at 550 nm and fluoresces at 635 nm [101]. In apolar
solvents, nile red has dual fluorescence or two peaks at around 530 and 570 nm
(variability is again due to solvatochromaticism) [102, 103]. This dual fluorescence is
believed to be caused by strongly active vibronic coupling giving rise to increased double
bond characteristics between the aromatic ring and the amino group [104].
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To control the interactions between the gold nanospheres and nile red, selfcontained particles of nile red are required (as opposed to nile red in solution.) Invitrogen
by Life Technologies’ FluoSpheres Carboxylate-Modified Microspheres are 20 nm
diameter latex beads containing nile red dye. These self-contained fluorescent dye beads
have fluorescence excitation and emission peaks, in water, at 535 and 575 nm,
respectively, [105] with ~50% excitation at 488 nm, per Invitrogen (Figure 83).
FluoSphere Nile red microspheres were diluted in ethanol and dropped onto a
0.22 mm thick Technical Glass Products quartz microscope cover slip.

Three

consecutive fluorescence spectra were acquired for one second each and then averaged,
all while under standard instrumental operating conditions. The argon-ion laser power at
the sample slide was ~3 mW and 80% of the nile red fluorescence was directed into the
HoloSpec spectrograph.

When immobilized, these nile red microspheres have

fluorescence peaking at 572 nm with a strong shoulder at 598 nm (Figure 84). When
compared with the fluorescence excitation and emission of nile red microspheres in
aqueous solution [105], the fluorescence spectral peak of the 20 nm nile red microspheres
is positioned between the fluorescence excitation and emission peaks (Figure 85). In gas
phase, nile red exhibits dual fluorescence where peak position changes with the solvent
environment (Figure 86). The experimental nile red fluorescence spectra, as expected, is
redshifted from the manufacturer’s in water spectra and splits to exhibit dual fluorescence
as the dye is immobilized and in air.
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Figure 83. Fluorescence excitation and emission spectra of FluoSpheres® nile red
fluorescent microspheres in H2O. Courtesy of Invitrogen by Life Technologies.
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Figure 84. Fluorescence spectrum of FluoSpheres® nile red fluorescent microspheres
immobilized on a quartz cover slip. Fluorescence spectral data was acquired for 0.1
seconds.
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Figure 85. Fluorescence spectra of nile red microspheres, immobilized on a quartz cover
slip, overlaid atop fluorescence excitation and emission spectra for nile red
microspheres, in water. Courtesy of Invitrogen by Life Technologies.
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Figure 86. Fluorescence spectra of nile red microspheres, immobilized on a quartz cover
slip, overlaid atop absorption (blue) and emission (red) spectra for nile red dye, in gas
phase, as calculated by the CAM-B3LYP (solid) and CIS (dotted) approaches. Copyright
© 2010 the Owner Societies.
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Spherical Gold Nanoparticles Interacting with Nile Red Microspheres
The energetic interactions between the 60 nm spherical gold nanoparticles with
PVP shell and the 20 nm nile red microspheres were examined by dropping concentrated
60 nm gold nanosphere with PVP coating onto the 20 nm diameter latex beads containing
nile red dye sample slide, used in the previous section. Locations at least 100 microns
apart (as measured by the Prior Stage Controller) were evaluated to ensure no bleaching
effects from the argon ion laser. Three consecutive 30-second fluorescence spectral
scans were acquired under standard instrumental conditions. The argon-ion laser power
at the sample slide was ~3 mW and 80% of the combined gold nanosphere and nile red
fluorescence was directed into the HoloSpec spectrograph.
At each of the five locations studied, one of two types of fluorescence spectra
occurred. In one location, no 60 nm gold nanospheres with PVP coating were dropped
onto the 20 nm nile red nanospheres leading to a spectrum comprised of only nile red
fluorescence (Figure 84). In the other four locations, the 60 nm gold nanospheres with
PVP coating interacted with the 20 nm nile red nanospheres (Figure 87). A comparison
of the normalized nile red nanosphere fluorescence and the nile red plus gold
nanospheres fluorescence shows a spectral shift (Figure 88). The main nile red peak at
570 nm decreases in intensity and shifts to 578 nm. The nile red shoulder at 598 nm
becomes the dominant peak and shifts to 613 nm. The 60 nm gold nanospheres quenched
and redshifted the nile red dye fluorescence peak as well as altering the ratio of the dual
fluorescence peaks.
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Figure 87. Fluorescence spectra of 60 nm spherical gold nanoparticles with PVP shell
dropped onto 20 nm nile red microspheres immobilized on a quartz cover slip.
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Figure 88. Normalized fluorescence spectra of 20 nm nile red nanospheres (red)
compared to the normalized fluorescence of 60 nm spherical gold nanospheres with PVP
shell (yellow) and the normalized fluorescence of 60 nm spherical gold nanospheres with
PVP shell dropped onto 20 nm nile red microspheres (orange), all immobilized on quartz
cover slips.
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Functionalized Gold Nanoparticles
Having studied the energetic
interaction between a spherical gold
nanoparticle and a fluorescent nile
red nanosphere, the next logical step
is

to

examine

nanoparticles
fluorescent
Cytodiagnostics’

spherical
with

dye

gold

attached
molecules.

Amine

Gold

Figure 89. Cytodiagnostics’ Amine
Functionalized Gold Nanoparticle
with 5000 Da PEG surface spacer

Nanoparticles have a spherical gold
nanoparticle core with 5000 Dalton
polyethylene glycol (PEG) shell capped with an amine terminus (Figure 89). Different
concentrations of fluorescent dye molecules were attached to the PEG shell instead of an
amine terminus.

Fluorescence images and spectroscopy as well as atomic force

microscopy surface height data of gold nanospheres with PEG spacers were measured
first without any fluorescent dye to establish their characteristics.
Gold Spheres with PEG Spacers
Cytodiagnostics’ 60 nm Amine Gold Nanoparticles with 5000 Da PEG linker, lot
#2456122-60A, were used in this study. Each PEG monomer weighs 44 Da with a PEG
spacing linker containing 114 PEG monomers. A PEG monomer is 3.8 ± 0.02 Å long
[106]. Multiplying these two values together, the 5000 Da PEG spacing linker is 43.32
nm. Once attached to the 60 nm gold nanosphere core, the PEG spacers can coil upon

145
themselves or straighten into an extended
position, giving the PEG spacer shell a radius
of 8-43 nm. Assuming the spacer groups are
fully extended, this leads to a 60 nm amine
gold nanosphere with a 146 nm diameter
(Figure 90).

Figure 90. Scale drawing of a 60 nm
amine gold nanosphere with 5000 Da
PEG surface spacer

A dilute 1:10 solution of 60 nm amine gold nanospheres with 5000 Da PEG linker
to 18.0 MΩ/cm deionized water solution was dropped onto a 0.21 mm thick Technical
Glass Products quartz microscope cover slip previously sonicated in 18.0 MΩ/cm
deionized water. The drop of dilute 60 nm amine gold nanospheres was allowed to
evaporate in the hood.
Fluorescence images and correlated atomic force microscopy surface height
images reveal several 60 nm amine gold nanospheres connected by PEG polymer strands.
The average of three 5-second fluorescence images where 20% of the total fluorescence
was directed into the PhotonMax CCD of this section of the quartz sample slide reveals
either a single 60 nm amine gold nanosphere or a cluster of 60 nm amine gold
nanospheres, a (Figure 91). The 60 nm amine gold nanoparticle a is centered in the
argon-ion laser spot, at 241, 278 pixels with an averaged maximum intensity of 6885
counts per 5 seconds. Additionally, there is also a pair of particles in the upper right
corner, b is centered at 308, 220 pixels while c is centered at 316, 199 pixels with
averaged maximum intensities of 5813 and 5084 counts per 5 seconds, respectively.
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Figure 91. Fluorescence image of a, b, and c, three particles or clusters of 60 nm amine
functionalized gold nanospheres with 5000 Da PEG surface spacer, immobilized on a
quartz cover slip.
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A large scale, 10 µm, correlated atomic force microscopy (AFM) height surface
scan shows the three 60 nm amine gold nanoparticles, a, b, and c, all connected by
polymer strands (Figure 92). The 10.0 µm AFM height surface scan also shows a
previously unseen 60 nm amine gold nanoparticle, d, is attached to the same polymer
strand as c. Additionally, e, a PEG polymer remnant or other non-emitting contaminant,
was detected.
A 1.5 µm zoom AFM surface height scan confirms the 60 nm amine gold
nanoparticle a resting atop or connected to a strand of excess polymer (Figure 93).
Profile sections of the 1.5 µm zoom of a show the widths to be 249.67 nm when
measured perpendicular to the polymer strand (Figure 94, top) and 149.80 nm when
measured parallel to the polymer strand (Figure 94, bottom). The width of a has a
difference of 99.87 nm dependent upon the polymer strand. This is likely due to the
slope of the amine gold nanoparticle when it falls from on top of the polymer strand to
resting solely on the quartz microscope cover slip surface. The perpendicular profile
section of a has a height of 37.275 nm when measured solely on the quartz surface while
a height of 44.391 nm when measured on the polymer strand. Thus, the polymer strand
has a height of 7.116 nm. When the height of a is measured in the parallel profile
section, it lowers even further to 28.872 nm. This height difference is attributable to the
base of the measurement being on the polymer strand instead of the quartz microscope
cover slip surface. The height difference between experimental AFM data, 44.391 nm,
and NanoComposix’ stated height, 146 nm, is a result of insufficient knowledge of how
the 60 nm gold nanosphere core interacts with and is attached to the polymer strands.
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Figure 92. 10 µm atomic force microscopy height and surface data scan of a, b, c, d,
and e, particles or clusters of 60 nm amine functionalized gold nanospheres with 5000
Da PEG surface spacer, immobilized on a quartz cover slip. Note the polymer strands, in
green, linking the four amine gold nanoparticles.
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a

Figure 93. A 1.5 µm zoomed atomic force microscopy height and surface data scan of a,
a 60 nm amine functionalized gold nanoparticle with 5000 Da PEG surface spacer,
immobilized on a quartz cover slip. Note the polymer strand, in green, linking a and c
(not pictured).
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Figure 94. Profiles from the 1.5 µm zoomed atomic force microscopy height and surface
data scan of a, a 60 nm amine functionalized gold nanoparticle with 5000 Da PEG
surface spacer, immobilized on a quartz cover slip. The a profile perpendicular (top) to
the polymer strand has a width of 249.67 nm and heights of 44.391 nm and 37.275 nm on
and off the strand, respectively. The a profile parallel (bottom) to the polymer strand has
a width of 149.80 nm and a height of 28.872 nm on the strand.
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149.80 nm by 249.67 nm. A dimer of two 60 nm amine
gold nanospheres with 5000 Da PEG linkers with
overlapping PEG spacers would measure 146 nm by 249
nm.

Therefore, a is probably comprised of two,

overlapping 60 nm gold nanospheres (Figure 95). a could

polymer strand direction

According to these AFM measurements, a is

potentially be a single 60 nm amine gold nanosphere with
5000 Da PEG linkers with excess polymer but a dimer
more closely fits the AFM profile data.
Corresponding fluorescence spectrum for a, a

Figure 95. a is a dimer of
two, overlapping 60 nm
amine gold nanospheres
with 5000 Da PEG
surface spacer

dimer of two, overlapping 60 nm gold nanospheres, was acquired when the argon-ion
laser power at the sample slide was ~3 mW and 80% of the fluorescence was directed
into the HoloSpec spectrograph. The corresponding fluorescence spectrum was acquired
for 30 seconds, background subtracted to remove contaminant peaks from the immersion
oil, and smoothed to reduce noise. The 60 nm amine gold nanoparticle a has a two,
overlapping fluorescence peaks at 534 nm and 558 nm (Figure 96).
Moving the Prior Stage controller 1.16 and -11.16 microns in the x- and ydirections, respectively, relocated the sample slide so the 60 nm amine gold nanoparticles
b, c, and d were repositioned into the center of the argon-ion laser spot (Figure 97). The
average of three 5-second fluorescence images where 20% of the total fluorescence was
directed into the PhotonMax imaging CCD reveals the locations and intensities of b, c,
and d but not e. b is centered at 214, 325 pixels with an averaged maximum intensity of
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Figure 96. Fluorescence spectrum of a, particle or cluster of 60 nm amine gold
nanospheres with 5000 Da PEG surface spacer, immobilized on a quartz cover slip, with
two, overlapping peaks at 534 nm and 558 nm. Fluorescence spectral data was acquired
for 30 seconds, background subtracted, and smoothed to reduce noise.
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Figure 97. Fluorescence image of b, c, and d, particles or clusters of 60 nm amine
functionalized gold nanospheres with 5000 Da PEG surface spacer, immobilized on a
quartz cover slip.
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12,167 counts per 5 seconds. c is centered at 222, 305 pixels with an averaged maximum
intensity of 14,082 counts per 5 seconds,. d is centered at 243, 276 pixels with an
average maximum intensity of 8,336 counts per 5 seconds.

The spatial difference

between b and c is just large enough to have distinct fluorescence spectra (Figure 97).
Notice, e is non-emissive particle as it appears in the AFM surface height scan
(Figure 92) while it does not appear in the fluorescence image (Figure 97). Therefore, e
is a potential polymer remnant, as dust or other contaminants would be orders of
magnitude larger in the atomic force microscopy surface height scan.
A 1.5 µm zoom AFM surface scan indicates b is resting atop or connected to a
strand of excess PEG polymer (Figure 98). The lower half of b is 211.72 nm wide and
49.474 and 41.342 nm high when measured from the quartz sample slide to the portion of
b on and off the polymer strand, respectively (Figure 99, top). The upper half of b is
234.60 nm wide and 51.339 and 44.223 nm high when measured from the quartz sample
slide to the portion of b on and off of the polymer strand, respectively (Figure 99,
bottom). b is 308.99 nm wide and 46.510 nm high when measured along the polymer
strand (Figure 100, top). b is 268.94 nm wide and 45.070 nm high when measured on the
quartz sample slide but parallel to the polymer strand (Figure 100, bottom).
According to these AFM measurements, b is 268.94 nm by 234.60 nm. An
ordered cluster of six 60 nm amine gold nanospheres with 5000 Da PEG linkers with
overlapping PEG spacers would measure 352 nm by 249 nm. If the outermost PEG
linker shells are within or part of the polymer strand, the sextet dimensions shrink to 266
nm by 163 nm. The PEG spacer shells could also compress, shortening their length, thus
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b

Figure 98. A 1.5 µm zoomed atomic force microscopy height and surface data scan of b,
a cluster of 60 nm amine functionalized gold nanoparticle with 5000 Da PEG surface
spacer, immobilized on a quartz cover slip. Note the polymer strand, in green, linking b
and c (not pictured).
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Figure 99. Profiles from the 1.5 µm zoomed atomic force microscopy height and surface
data scan of b, a cluster of 60 nm amine functionalized gold nanoparticles with 5000 Da
PEG surface spacer, immobilized on a quartz cover slip. The lower half of b profile (top)
has a width of 211.72 nm and heights of 49.474 nm and 41.342 nm on and off the strand,
respectively. The upper half of b profile (bottom) has a width of 234.60 nm and heights
of 51.339 nm and 44.223 nm on and off the strand, respectively.
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Figure 100. Profiles from the 1.5 µm zoomed atomic force microscopy height and surface
data scan of b, a cluster of two 60 nm amine functionalized gold nanoparticles with 5000
Da PEG surface spacer, immobilized on a quartz cover slip. The b profile on top of the
polymer strand (top) has a width of 308.99 nm wide and a height of 46.510 nm. The b
profile on the quartz surface (bottom) has a width of 268.94 nm and a height of 45.070
nm.
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The

longer side of b, along the polymer strand, has
its outer shell PEG spacers contained within the
polymer strand while the shorter dimension of
b, transverse to the polymer strand, does not.
Therefore, b is comprised of six, overlapping

polymer strand direction

reducing the width of the linker shell.

60 nm gold nanospheres (Figure 101).
The fluorescence spectra for b, a 60 nm
amine gold nanoparticle, was acquired for 30
seconds, background subtracted to remove

Figure 101. b is a ordered cluster
of six, overlapping 60 nm amine
gold nanospheres with 5000 Da
PEG surface spacer

contaminant peaks from the immersion oil, and smoothed to reduce noise. The 60 nm
amine gold nanoparticle b has a broad fluorescence peak, with many overlapping peaks
including 534 nm, 558 nm, 571 nm, 593 nm, 626 nm, 656 nm, 701 nm, and 723 nm
(Figure 102). As gold nanoparticle cores get within a few nanometers of each other, a
peak at ~700 nm appears [107]. The fluorescence spectra for b has intense low and high
wavelength peaks, indicating the gold nanosphere cores are within a few nanometers.
The PEG spacers have compacted to shorter lengths, allowing the gold nanosphere cores
to move to within mere nanometers of one another.
A 1.5 µm zoom AFM surface scan of c, resting atop or connected to three strands
of excess PEG polymer, indicates it is a cluster of 60 nm amine gold nanospheres (Figure
103). A cross section across the junction of the polymer strands shows c to have a height
and width of 257.49 nm and 62.097 nm, respectively (Figure 104, top). A cross section
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Figure 102. Fluorescence spectrum of 60 nm amine gold nanoparticle b with 5000 Da
PEG surface spacer, immobilized on a quartz cover slip. Fluorescence spectral data was
acquired for 30 seconds, background subtracted, and smoothed to reduce noise.
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c

Figure 103. A 1.5 µm zoomed atomic force microscopy height and surface data scan of c,
a cluster of 60 nm amine functionalized gold nanoparticle with 5000 Da PEG surface
spacer, immobilized on a quartz cover slip. Note the polymer strand, in green, linking a
(not pictured) and c by the left most strand, b (not pictured) and c by the lower strand,
and d (not pictured) and c by the upper strand.
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Figure 104. Profiles from the 1.5 µm zoomed atomic force microscopy height and surface
data scan of c, a cluster of 60 nm amine functionalized gold nanoparticles with 5000 Da
PEG surface spacer, immobilized on a quartz cover slip. The profile of c across the
junction of three polymer strands (top) has a width of 257.49 nm and a height of 62.097
nm. The profile of c along the upper polymer strand (bottom) has a width of 320.43 nm,
a height of 52.694 nm when measured from the polymer strand, and a height of 66.247
nm when measured from the quartz cover slip.
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along the upper polymer strand shows c is 320.43 nm wide, 52.694 nm high when
measured from the polymer strand to the top of c, and 66.247 nm when measured from
the quartz sample cover slip to the top of c (Figure 104, bottom). A cross section along
the leftmost polymer strand shows c is 291.82 nm wide, 52.017 nm high when measured
from the polymer strand to the top of c, and 57.016 nm when measured from the quartz
sample cover slip to the top of c (Figure 105, top). A cross section along the lower
polymer strand shows c is 331.88 nm wide, 55.152 nm high when measured from the
polymer strand to the top of c, and 63.707 nm when measured from the quartz sample
cover slip to the top of c (Figure 105, bottom).
According to these AFM measurements, c is 320.43 nm by 257.49 nm. An
ordered cluster of six 60 nm amine gold nanospheres with 5000 Da PEG linkers with
overlapping PEG spacers would measure 352 nm by 249 nm. If one of the outermost
PEG linker shells are within or part of the polymer strand, the longer dimension shrinks
from 352 nm to 309 nm. The PEG spacer shells could also compress, shortening their
length, thus reducing the width of the linker shell. The longer side of c, along the upper
polymer strand, has one of its outer shell PEG spacers contained within the upper
polymer strand. Therefore, c is comprised of six, overlapping 60 nm gold nanospheres,
similar to the configuration of b (Figure 101).
The fluorescence spectra for c, a 60 nm amine gold nanoparticle, was acquired for
30 seconds, background subtracted to remove contaminant peaks from the immersion oil,
and smoothed to reduce noise. The 60 nm amine gold nanoparticle c has a broad
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Figure 105. Profiles from the 1.5 µm zoomed atomic force microscopy height and surface
data scan of c, a cluster of 60 nm amine functionalized gold nanoparticles with 5000 Da
PEG surface spacer, immobilized on a quartz cover slip. The profile of c along the
leftmost polymer strand (top) has a width of 291.82 nm, a height of 52.017 nm when
measured from the polymer strand, and a height of 57.016 nm when measured from the
quartz cover slip. The profile of c along the lower polymer strand (bottom) has a width
of 331.88 nm, a height of 55.152 nm when measured from the polymer strand, and a
height of 63.707 nm when measured from the quartz cover slip.
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fluorescence peak, with the highest intensity peaks occurring at 535 nm and 551 nm
(Figure 106). The fluorescence spectra for c has an intense low wavelength peak with a
half the intensity high wavelength peak. Like b, this indicates the gold nanosphere cores
are within close proximity. As the high wavelength peak of c is not as intense as the high
wavelength peak of b, the gold nanosphere cores are further apart in c than in b.
A 1.5 µm zoom AFM surface scan of d, resting atop or connected to a strand of
excess polymer, indicates it is a dimer or cluster of 60 nm amine gold nanospheres
(Figure 107). The lower half of d is 235.06 nm wide and 37.825 and 45.790 nm high
when measured from the quartz sample slide to the portion of b on and off the polymer
strand, respectively (Figure 108, top). The upper half of d is also 235.06 nm wide and
37.912 and 38.418 nm high when measured from the quartz sample slide to the portion of
b on and off the polymer strand, respectively (Figure 108, bottom). d is 289.31 nm wide
and 34.395 nm high when measured along the taller portion of the polymer strand (Figure
109, top). d is 2623.18 nm wide and 28.888 nm high when measured along the shorter
portion of the polymer strand (Figure 109, bottom).
According to these AFM measurements, d is 289.31 nm by 235.06 nm. An
ordered cluster of six 60 nm amine gold nanospheres with 5000 Da PEG linkers with
overlapping PEG spacers would measure 352 nm by 249 nm. If the outermost PEG
linker shells are within or part of the polymer strand, the sextet dimensions shrink to 266
nm by 163 nm. The PEG spacer shells could also compress, shortening their length, thus
reducing the width of the linker shell. The longer side of d, along the polymer strand,
has its outer shell PEG spacers halfway contained within the polymer strand while the
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Figure 106. Fluorescence spectrum of c, a particle of cluster of 60 nm amine gold
nanospheres with 5000 Da PEG surface spacer, immobilized on a quartz cover slip.
Fluorescence spectral data was acquired for 30 seconds, background subtracted, and
smoothed to reduce noise.
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d

Figure 107. A 1.5 µm zoomed atomic force microscopy height and surface data scan of
d, a cluster of 60 nm amine functionalized gold nanoparticle with 5000 Da PEG surface
spacer, immobilized on a quartz cover slip. Note the polymer strand, in green, linking d
and c (not pictured).
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Figure 108. Profiles from the 1.5 µm zoomed atomic force microscopy height and surface
data scan of d, a cluster of 60 nm amine functionalized gold nanoparticles with 5000 Da
PEG surface spacer, immobilized on a quartz cover slip. The lower half of d (top), has a
width of 235.06 nm and heights of 37.825 nm and 45.790 nm measured on and off the
strand, respectively. The upper half of d (bottom), has a width of 235.06 nm and heights
of 37.912 nm and 38.418 nm measured on and off the strand, respectively.
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Figure 109. Profiles from the 1.5 µm zoomed atomic force microscopy height and surface
data scan of d, a cluster of 60 nm amine functionalized gold nanoparticles with 5000 Da
PEG surface spacer, immobilized on a quartz cover slip. The b profile on top of the
taller polymer strand (top) has a width of 289.31 nm and a height of 34.395 nm. The b
profile on top of the shorter polymer strand (bottom) has a width of 262.18 nm and a
height of 28.888 nm.
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shorter dimension of d, transverse to the polymer strand, does not. Therefore, d is
comprised of six, overlapping 60 nm gold nanospheres, similar to the configuration of b
(Figure 101).
The fluorescence spectra for d, a 60 nm amine gold nanoparticle, was acquired
for 30 seconds, background subtracted to remove contaminant peaks from the immersion
oil, and smoothed to reduce noise. The 60 nm amine gold nanoparticle d has a broad
fluorescence peak, with the highest intensity peaks occurring at 528 nm and 541 nm
(Figure 110). The fluorescence spectra for d has an intense low wavelength peak with
hardly any high wavelength peak. Unlike b and c, this indicates the gold nanosphere
cores are not within close proximity. As the high wavelength peak of d slightly above
the baseline, the gold nanosphere cores in d are spaced far apart, leading to a
fluorescence spectra between that of a versus b or c.
A 1.5 μm zoom AFM height surface scan of e indicates it is a globular PEG
polymer remnant (Figure 111). Gold nanosphere precursor particles are ruled out as e
has no emissive characteristics. e is 408.96 nm wide and 25.859 nm high along its
longitudinal axis (Figure 112, top). e is 243.63 nm wide and 27.523 nm high along its
transverse axis (Figure 112, bottom). e is an order of magnitude taller than the polymer
strands connecting a, b, c, and d. The PEG is likely a branched segment or one that has
folded in on itself, increasing the height while remaining completely non-emissive.
A comparison of the atomic force microscopy surface height dimensions and
cluster composition for a, b, c, and d is included for reference (Table 2).
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Figure 110. Fluorescence spectrum of d, a particle or cluster of 60 nm amine gold
nanospheres with 5000 Da PEG surface spacer, immobilized on a quartz cover slip.
Fluorescence spectral data was acquired for 30 seconds, background subtracted, and
smoothed to reduce noise.
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e

Figure 111. A 1.5 µm zoomed atomic force microscopy height and surface data scan of e,
a PEG remnant, immobilized on a quartz cover slip.
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Figure 112. Profiles from the 1.5 µm zoomed atomic force microscopy height and surface
data scan of e, a remnant of PEG polymer, immobilized on a quartz cover slip. The
longitudinal profile (top) shows e is 408.96 nm wide and 25.859 nm high. The transverse
profile (bottom) shows e is 243.63 nm wide and 27.523 nm high.
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Table 2. Fluorescence spectral peaks, atomic force microscopy surface height
dimensions, and idealized size and cluster composition using 146 nm diameter gold
nanospheres of a, b, c, d, and e, clusters of 60 nm gold nanospheres with 5000 Da PEG
surface spacer functionalized with 1:10 Cyto NHS ester fluorescence dye to amine
termini, immobilized on a quartz cover slip.
Cluster Fluorescence Peak AFM Dimensions
534 nm, 558 nm
150 x 250 nm
a
534 nm, 723 nm
235 x 269 nm
b
535 nm, 551 nm
257 x 320 nm
c
528 nm, 541 nm
235 x 289 nm
d
none
244 x 409 nm
e

Idealized Size Idealized Composition
146 x 249 nm
overlapping 1 x 2
163 x 266 nm
overlapping 2 x 3
309 x 352 nm
overlapping 2 x 3
163 x 266 nm
overlapping 2 x 3
na
excess polymer
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microspheres, the fluorescent dye to be attached
to the amine gold nanospheres should have
absorbance and emission spectra with peaks
spaced at least 15 nm apart, be detectable within
the HoloSpec spectrograph, and controllably
attach to the PEG shell.

Figure 113. N-hydroxysuccinimide
ester Dye Molecule

Cytodiagnostics’ N-hydroxysuccinimide (NHS) ester Cyto

514LSS Large Stokes Shift Dye (Figure 113) can be easily exchanged, and at a regulated
rate, for an amine terminus on the 60 nm amine gold nanospheres [108]. Additionally,
this NHS ester fluorescing dye fulfills the previously stated emission requirements with
an absorption peak at 515 nm and an emission peak at 650 nm (Figure 114).
A solution of 60 µL of concentrated NHS ester dye diluted in 250 µL of absolute
ethanol and 740 L of 18.0 MΩ/cm deionized water was dropped onto a 0.21 mm thick
Technical Glass Products quartz microscope cover slip and allowed to dry in a hood.
Three consecutive fluorescence spectra were acquired for 0.1 seconds each and then
averaged, all while under standard instrumental operating conditions. The argon-ion
laser power at the sample slide was ~3 mW and 80% of the Cyto NHS ester dye
fluorescence was directed into the HoloSpec spectrograph. When immobilized, these
NHS ester dyes have fluorescence peaking at 637 nm (Figure 115) with a diffraction
grating and entrance slit error of ±3 nm. The NHS ester fluorescent dye photobleaches
and fades in intensity quickly, from 2700 counts per 0.1 seconds in the first 0.1 second of
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Figure 114. Absorbance and emission spectra of Cyto 514LSS Large Stokes Shift Dye Nhydroxysuccinimide ester, in water. Courtesy of Cytodiagnostics.
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Figure 115. Fluorescence spectrum of the Cyto N-hydroxysuccinimide ester 514LSS
fluorescent dye, immobilized on a quartz cover slip. Fluorescence spectral data was
acquired for 0.1 seconds. As the data is not background subtracted, the CCD
background is noticeable.
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argon-ion laser illumination to 600 counts per 0.1 seconds after just 3.0 seconds (Figure
116). However, the NHS ester dye is so emissive, fluorescent spectrograph acquisition
times of 1.0 seconds overloaded the Spec-10:400B CCD camera. The absorption and 650
nm emission of Cyto NHS ester fluorescent dye in aqueous solution [108] is overlaid and
compared to the observed fluorescence spectrum (Figure 117).

Differences in the

observed fluorescence spectrum and the Cyto NHS ester fluorescent dye in ethanol
spectra is attributed to the dye spectra being in aqueous solution while the experimental
Cyto NHS dye is immobilized and in air. Additionally, this fluorescent dye is designed
to be used with the 514 nm argon-ion laser excitation wavelength, instead of the
experimental set-up of 488 nm. This change in excitation wavelength also aides in the
blueshifting of the Cyto NHS dye fluorescence peak.
Gold Spheres with Amine Terminus and NHS Ester Dye Conjugation
Cytodiagnostics’ specially created two batches of 60 nm amine gold nanospheres
with 5000 Da polyethylene glycol (PEG) linker conjugated with N-hydroxysuccinimide
(NHS) ester Cyto 514LSS large stokes shift fluorescent dye. The NH2 functional group
on the dye attaches to the PEG linker, becoming NH-PEG. The PEG shell strands
without the fluorescent dye are only 2000 Da polyethylene glycol (PEG) linker with
amine termini. One batch has a high concentration of dye to amine, 1 Cyto NHS ester
dye conjugated PEG linker to every 10 amine terminated PEG linkers, product CPFG-601:10. The other batch has a low concentration of dye to amine, 1 Cyto NHS ester dye
conjugated PEG linker to every 1000 amine terminated PEG linkers, product CPFG-601:1000. The Cyto NHS ester dye adds approximately 2 nm to the shell width and pushes
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Figure 116. Fluorescence spectrum of the Cyto N-hydroxysuccinimide ester fluorescent
dye, immobilized on a quartz cover slip. The dye loses nearly half its intensity in the first
0.5 seconds, going from 2700 counts in the first 0.1 seconds to 600 counts after 3.0
seconds.
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Figure 117. Fluorescence spectra of Cyto NHS ester dye, immobilized on a quartz cover
slip, overlaid atop absorption and emission spectra for Cyto NHS ester dye, in water.
Courtesy of Cytodiagnostics.
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the 5000 Da PEG spacers into a more
extended configuration.

The 60 nm amine

gold nanoparticles functionalized with Cyto
NHS ester dye are actually 80 to 150 nm
diameter nanospheres (Figure 118).
Gold Spheres with 10 Amine Termini
to 1 NHS Ester Dye Conjugation

Figure 118. Scale drawing of a 60
nm amine gold nanosphere with
5000 Da PEG surface spacer
functionalized with Cyto NHS ester
dye

A solution of 20 µL stock solution of
Cytodiagnostics’ 60 nm gold nanospheres having 5000 Da PEG spacer shell with one 514
LSS Cyto NHS ester fluorescent dye conjugation to 10 amine terminus was diluted in 200
µL absolute ethanol and 700 µL 18.0 MΩ/cm deionized water.

A 0.21 mm thick

Technical Glass Products quartz microscope cover slip was cleaned by sonication in 18.0
MΩ/cm deionized water for 5 minutes and blown dry with argon gas. The dilute 1:10
ester dye to amine solution was dropped onto the quartz cover slip and evaporated dry in
a hood.
Gold Spheres with 10 Amine Termini to 1 NHS Ester Dye Conjugation Particles
The fluorescence spectroscopy were studied of two different single particles or
clusters of 60 nm gold nanospheres with 5000 Da PEG spacer shell and 1:10 Cyto NHS
ester dye conjugation to amine termini. The first particle, f, is centered at 247, 269 pixels
with a maximum intensity of 15,267 counts per 5 seconds in the 5-second long
fluorescence image using 20% of the total fluorescence directed into the PhotonMax
CCD (Figure 119). The argon-ion laser power at the sample slide was ~3 mW and 80%
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Figure 119. Fluorescence image of f, a 60 nm Gold Nanoparticle with 5000 Da PEG
surface spacer functionalized with 1:10 Cyto NHS ester fluorescent dye to amine termini
immobilized on a quartz cover slip.
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of the fluorescence was directed into the HoloSpec spectrograph. The corresponding
fluorescence spectrum using 80% of the fluorescence was acquired for 20 seconds,
background subtracted to remove contaminant peaks from the immersion oil, and
smoothed to reduce noise. The 60 nm amine gold nanoparticle f has a broad fluorescence
peak with highest intensities at 575 nm, 595 nm, and 625 nm (Figure 120). This spectral
broadness is indicative of f being a cluster of 60 nm gold nanospheres with 5000 Da PEG
surface spacer functionalized with 1:10 Cyto NHS ester fluorescence dye to amine
termini. However, as neither atomic force microscopy surface height data of sufficient
quality and detail nor an SEM or TEM image of f exists, a definite size or shape of f
cannot be established.

The normalized fluorescence spectra of a, a dimer of two,

overlapping 60 nm amine functionalized gold nanospheres with 5000 Da PEG surface
spacer, the Cyto NHS ester dye, and the normalized linear combination of the
fluorescence spectra of a and the Cyto NHS ester dye, are overlaid with the normalized
fluorescence spectrum of f, a cluster of 60 nm gold nanospheres with 5000 Da PEG
surface spacer functionalized with 1:10 Cyto NHS ester fluorescence dye to amine
termini (Figure 121). This comparison indicates the fluorescence spectra of f is nearly
equally comprised of Cyto NHS ester dye and 60 nm gold nanospheres.
The second particle, g, is centered at 242, 279 pixels with a maximum intensity of
9,656 counts per 5 seconds in the 5-second fluorescence image using 20% of the total
fluorescence directed into the PhotonMax CCD (Figure 122). The argon-ion laser power
at the sample slide was ~3 mW and 80% of the fluorescence was directed into the
HoloSpec spectrograph. The corresponding fluorescence spectrum using 80% of the
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Figure 120. Fluorescence spectrum of f , a cluster of 60 nm gold nanospheres with 5000
Da PEG surface spacer functionalized with 1:10 Cyto NHS ester fluorescence dye to
amine termini, immobilized on a quartz cover slip with a broad peak centered at 605 nm.
Fluorescence spectral data was acquired for 20 seconds, background subtracted, and
smoothed to reduce noise.
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Figure 121. The normalized fluorescence spectra of a, a dimer of two, overlapping 60 nm
amine functionalized gold nanospheres with 5000 Da PEG surface spacer (yellow), of the
Cyto NHS ester dye (red), and the normalized linear combination of the fluorescence
spectra of a and of the Cyto NHS ester dye (brown), are overlaid with the normalized
fluorescence spectrum of f, a cluster of 60 nm gold nanospheres with 5000 Da PEG
surface spacer functionalized with 1:10 Cyto NHS ester fluorescence dye to amine
termini (pink), all immobilized on quartz cover slips.
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Figure 122. Fluorescence image of g, a 60 nm gold nanoparticle with 5000 Da PEG
surface spacer functionalized with 1:10 Cyto NHS ester fluorescent dye to amine termini
immobilized on a quartz cover slip.
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fluorescence was acquired for 20 seconds, background subtracted to remove contaminant
peaks from the immersion oil, and smoothed to reduce noise. The 60 nm amine gold
nanoparticle g has a broad fluorescence peak with the most intense peak at 634 nm
(Figure 123). This spectral broadness is indicative of g being a cluster of 60 nm gold
nanospheres with 5000 Da PEG surface spacer functionalized with 1:10 Cyto NHS ester
fluorescence dye to amine termini. However, as neither atomic force microscopy surface
height data of sufficient quality and detail nor an SEM or TEM image of g exists, a
definite size or shape of g cannot be established. The normalized fluorescence spectra of
a, a dimer of two, overlapping 60 nm amine functionalized gold nanospheres with 5000
Da PEG surface spacer, the Cyto NHS ester dye, and the normalized linear combination
of the fluorescence spectra of a and the Cyto NHS ester dye, are overlaid with the
normalized fluorescence spectrum of g, a cluster of 60 nm gold nanospheres with 5000
Da PEG surface spacer functionalized with 1:10 Cyto NHS ester fluorescence dye to
amine termini (Figure 124). This comparison indicates the fluorescence spectra of g has
more spectral components of the Cyto NHS ester dye than of the 60 nm gold
nanospheres.
Gold Spheres with 10 Amine Termini to 1 NHS Ester Dye Conjugation Ribbons
On the same sample slide as the particles and clusters of 60 nm gold nanospheres
with 1:10 Cyto NHS ester fluorescent dye to amine termini examined in the previous
section, there were also self-assembled ribbons of 60 nm gold nanospheres with 1:10
Cyto NHS ester fluorescent dye to amine termini. Out of the hundreds of self-assembled
ribbons observed on the sample slide, four categories of ribbons became apparent:
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Figure 123. Fluorescence spectrum of g, a cluster of 60 nm gold nanospheres with 5000
Da PEG surface spacer functionalized with 1:10 Cyto NHS ester fluorescence dye to
amine termini, immobilized on a quartz cover slip with a broad peak centered at 607 nm.
Fluorescence spectral data was acquired for 20 seconds, background subtracted, and
smoothed to reduce noise.
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Figure 124. The normalized fluorescence spectra of a, a dimer of two, overlapping 60 nm
amine functionalized gold nanospheres with 5000 Da PEG surface spacer (yellow), of the
Cyto NHS ester dye (red), and the normalized linear combination of the fluorescence
spectra of a and of the Cyto NHS ester dye (brown), are overlaid with the normalized
fluorescence spectrum of g, a cluster of 60 nm gold nanospheres with 5000 Da PEG
surface spacer functionalized with 1:10 Cyto NHS ester fluorescence dye to amine
termini (pink), all immobilized on quartz cover slips.
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narrow, long, and straight; narrow, long, and curved; wide, short, and straight; or wide,
short, and branched.
A narrow, long, and straight self-assembled ribbon, h, of 60 nm gold nanospheres
with 1:10 Cyto NHS ester fluorescent dye to amine termini has a maximum intensity of
12,615 counts per 5 seconds in the 5-second fluorescence image using 20% of the total
fluorescence directed into the PhotonMax CCD (Figure 125).

The corresponding

fluorescence spectrum, using 80% of the fluorescence, was acquired for 20 seconds,
background subtracted to remove contaminant peaks from the immersion oil, and
smoothed to reduce noise. The narrow, long, straight self-assembled ribbon of 60 nm
amine gold nanospheres, h, has a broad fluorescence of three equally intense,
overlapping peaks located at 582 nm, 595 nm, and 622 nm (Figure 126).
Fluorescence spectra of a variety of self-assembled ribbons of 60 nm gold
nanospheres with 1:10 Cyto NHS ester fluorescent dye to amine termini were acquired.
A narrow, long, and curvy self-assembled ribbon, i, of 60 nm gold nanospheres with 1:10
Cyto NHS ester fluorescent dye to amine termini has a broad fluorescence with three
equally intense, overlapping peaks located at 573 nm, 591 nm, and 625 nm as well as a
shoulder at 533 nm. The terminal end of a narrow, long, and straight self-assembled
ribbon (not h), j, of 60 nm gold nanospheres with 1:10 Cyto NHS ester fluorescent dye to
amine termini has a broad fluorescence with three equally intense, overlapping peaks
located at 580 nm, 600 nm, and 633 nm as well as two shoulders located at 543 nm and
646 nm. A wide, short, and non-branched self-assembled ribbon, k, of 60 nm gold
nanospheres with 1:10 Cyto NHS ester fluorescent dye to amine termini has a broad
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Figure 125. Fluorescence image of h, a ribbon of 60 nm gold nanospheres with 5000 Da
PEG surface spacer functionalized with 1:10 Cyto NHS ester fluorescent dye to amine
termini immobilized on a quartz cover slip. h is typical of the narrow, straight, long selfassembled ribbons of gold nanospheres.
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Figure 126. Fluorescence spectrum of h, a self-assembled narrow, long, straight ribbon
of 60 nm gold nanospheres with 5000 Da PEG surface spacer functionalized with 1:10
Cyto NHS ester fluorescence dye to amine termini, immobilized on a quartz cover slip.
Fluorescence spectral data was acquired for 20 seconds, background subtracted, and
smoothed to reduce noise.
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fluorescence with three equally intense, overlapping peaks located at 580 nm, 595 nm,
and 625 nm as well as a shoulder at 535 nm. A wide, short, and branched self-assembled
ribbon, l, of 60 nm gold nanospheres with 1:10 Cyto NHS ester fluorescent dye to amine
termini has a broad fluorescence with three equally intense, overlapping peaks located at
577 nm, 595 nm, and 626 nm.
Differences in physical characteristics of the self-assembled ribbons of 60 nm
gold nanospheres with 1:10 Cyto NHS ester fluorescent dye to amine termini do indeed
lead to minor but distinct spectral differences.

A comparison of the normalized

fluorescence spectra of h, i, j, k, and l shows quite similar spectra with only slight
variations (Figure 127). The normalized fluorescence spectra of h, the narrow, long,
straight self-assembled ribbon, k, the wide, short, and non-branched self-assembled
ribbon, and l, the wide, short, branched self-assembled ribbon, are nearly identical (Table
3). The three most intense peaks for h, k, and l are within the instrumental error of ±3
nm (due to the diffraction grating and entrance slit of the spectrograph). The narrow,

Table 3. Fluorescence spectral peaks of h, i, j, k, and l, the various types of selfassembled ribbons of 60 nm gold nanospheres with 5000 Da PEG surface spacer
functionalized with 1:10 Cyto NHS ester fluorescence dye to amine termini, immobilized
on a quartz cover slip.
Ribbon Self-Assembled Ribbon Type Leftmost Peak Central Peak Rightmost Peak
narrow, long, straight
582 nm
595 nm
622 nm
h
narrow, long, curvy
573 nm
591 nm
625 nm
i
terminal
end
580
nm
600
nm
626 nm
j
wide, short, non-branched
580 nm
595 nm
625 nm
k
wide, short, branched
577 nm
595 nm
626 nm
l

Intensity (normalized)
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Figure 127. Comparative normalized fluorescence spectrum of h, i, j, k, and l, the
various types of self-assembled ribbons of 60 nm gold nanospheres with 5000 Da PEG
surface spacer functionalized with 1:10 Cyto NHS ester fluorescence dye to amine
termini, immobilized on a quartz cover slip.
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long, curvy self-assembled ribbon, i, has the lowest wavelength and central peaks
blueshifted. These changes in peak position are likely due to the curvature of i. The
terminus of a narrow, long self-assembled ribbon, j, has the lowest wavelength peak
blueshifted while the central peak is redshifted. These changes in peak position are due
to j being the terminus of a self-assembled ribbon of 60 nm gold nanospheres with 1:10
Cyto NHS ester fluorescent dye to amine termini. Both i and j have strong shoulders at
533 nm and 543 nm, respectively. This is perhaps attributable to dips in the fluorescence
image intensity of i and the terminal end drop in fluorescence intensity of j.

The

normalized fluorescence spectra of a, a dimer of two, overlapping 60 nm amine
functionalized gold nanospheres with 5000 Da PEG surface spacer, the Cyto NHS ester
dye, and the normalized linear combination of the fluorescence spectra of a and the Cyto
NHS ester dye, are overlaid with the normalized fluorescence spectra of h, i, j, k, and l,
the various types of self-assembled ribbons of 60 nm gold nanospheres with 5000 Da
PEG surface spacer functionalized with 1:10 Cyto NHS ester fluorescence dye to amine
termini (Figure 128). This comparison indicates the fluorescence spectra of all the selfassembled ribbons, no matter the size or shape, have equal spectral components of Cyto
NHS ester dye and 60 nm gold nanospheres. As no atomic force microscopy surface
height data of sufficient quality and detail of h, i, j, k, and l exists, definitive statements
about the self-assembled ribbon sizes, widths, and structures cannot be established.
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Figure 128. The normalized fluorescence spectra of a, a dimer of two, overlapping 60 nm
amine functionalized gold nanospheres with 5000 Da PEG surface spacer (yellow), of the
Cyto NHS ester dye (red), and the normalized linear combination of the fluorescence
spectra of a and of the Cyto NHS ester dye (brown), are overlaid with the normalized
fluorescence spectra of h, i, j, k, and l, the various types of self-assembled ribbons of 60
nm gold nanospheres with 5000 Da PEG surface spacer functionalized with 1:10 Cyto
NHS ester fluorescence dye to amine termini, all immobilized on quartz cover slips.
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Polarization Changes of Particles of Gold Sphere with 10 Amine Termini to 1
NHS Ester Dye Conjugation
The interaction of the Cyto NHS ester fluorescent dye conjugate and 60 nm gold
nanoparticle was observed under changes in polarization of the argon ion laser beam.
Under normal instrumental experimental conditions, the polarization rotator is set to 0°,
indicating vertical polarization (Figure 3). For these studies, fluorescence images and
spectroscopy were conducted at both 0° and 45°, vertical and horizontal polarization,
respectively. The Prior Stage controller held the sample slide in a fixed position during
each polarization change.
Vertical polarization shows the particle, n, is centered at 238, 245 pixels with a
maximum intensity of 10,618 counts per 5 seconds in the 5-second long fluorescence
image using 20% of the total fluorescence directed into the PhotonMax CCD (Figure
129). When using horizontal polarization, n is centered at 248, 275 pixels with a
maximum intensity of 12,416 counts per 5 seconds in the 5-second long fluorescence
image (Figure 130). In both cases, m is too far from the center of the laser spot, leading
to insufficient fluorescence spectral intensity. The corresponding fluorescence spectra,
using 80% of the fluorescence, was acquired for 20 seconds. The fluorescence spectral
intensity also increased with the change in polarization, from 190 to 240 counts per 20
seconds (Figure 131).

Changing the argon-ion laser beam output to horizontal

polarization resulted in noticeable changes: the quenching or loss of a small peak at 696
nm and the excitation or presence of a small peak near the limit of detection at 508 nm.
This spectral broadness is indicative of n being a cluster of 60 nm gold nanospheres with
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Figure 129. Vertically polarized fluorescence image of n and m, two clusters of 60 nm
gold nanospheres with 5000 Da PEG surface spacer functionalized with 1:10 Cyto NHS
ester fluorescent dye to amine termini immobilized on a quartz cover slip.
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Figure 130. Horizontally polarized fluorescence image of n and m, two clusters of 60 nm
gold nanospheres with 5000 Da PEG surface spacer functionalized with 1:10 Cyto NHS
ester fluorescent dye to amine termini immobilized on a quartz cover slip.
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Figure 131. Comparative fluorescence spectra of n, a cluster of 60 nm gold nanospheres
with 5000 Da PEG surface spacer functionalized with 1:10 Cyto NHS ester fluorescence
dye to amine termini, immobilized on a quartz cover slip. The change in fluorescence
from vertical polarization (green spectrum) to horizontal polarization (purple spectrum)
increases overall intensity from 190 to 240 counts per 20 seconds. Fluorescence spectral
data was acquired for 20 seconds. As there is no background subtraction, the inherent
background noise of ~100 counts per 20 seconds of the spectrograph is apparent.

200
5000 Da PEG surface spacer functionalized with 1:10 Cyto NHS ester fluorescence dye
to amine termini. However, as neither atomic force microscopy surface height data of
sufficient quality and detail nor an SEM or TEM image of n or o exists, a definite size or
shape of n cannot be established.
The output beam from the argon-ion laser is vertically polarized. It remains
vertically polarized until the beam interacts with the height adjustment mirror set where
the beam becomes horizontally polarized. Changing the polarization rotator from 0° to
45° increases the amount of horizontally polarized light interacting with the height
adjustment mirror set. As such, increases in fluorescence intensity are expected and
observed in both the PhotonMax imaging camera and the HoloSpec spectrograph. The
redshift broadening of 625 nm peak for both types of self-assembled 60 nm gold
nanoparticle with 5000 Da PEG surface spacer functionalized with 1:10 Cyto NHS ester
fluorescent dye to amine termini is due to a larger, slightly ovoid laser spot hitting the
quartz sample slide surface. As working with nanoparticles, whether single particles or
clusters, requires a small, well-defined circular laser spot, vertical polarization remains
the preferred choice and a part of the standard instrumental experimental conditions.
Gold Spheres with 1000 Amine Termini to 1 NHS Ester Dye Conjugation
A solution of 20 µL stock solution of Cytodiagnostics’ 60 nm gold nanoparticles
having 5000 Da PEG spacer shell with one 514 LSS Cyto NHS ester fluorescent dye
conjugation to 1000 amine terminus was diluted in 200 µL absolute ethanol and 700 µL
18.0 MΩ/cm deionized water.

A 0.21 mm thick Technical Glass Products quartz

microscope cover slip was cleaned by sonication in 18.0 MΩ/cm deionized water for 5
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minutes and blown dry with argon gas. The dilute 1:1000 ester dye to amine solution
was dropped onto the quartz cover slip and evaporated dry in a hood.
Fluorescence images coupled with fluorescence spectroscopy and the correlated
atomic force microscopy (AFM) surface height scans were conducted on two neighboring
clusters of 60 nm gold nanoparticles with 5000 Da PEG spacer shell and 1:1000 Cyto
NHS ester dye conjugation to amine termini.
The first cluster, p,2 is centered at 189, 293 pixels while the second cluster, q, is
centered at 236, 284 pixels in the 5-second long fluorescence image using 20% of the
total fluorescence directed into the PhotonMax CCD (Figure 132).

p and q have

maximum intensities of 19,040 and 15,263 counts per 5 seconds, respectively. Note the
presence of particles adjacent to p and q lacking sufficient fluorescent intensity to be
individually detectable in the HoloSpec spectrograph.
Correlated atomic force microscopy surface height data show p and q are clusters
of many 60 nm gold nanoparticles with 5000 Da PEG surface spacer functionalized with
1:1000 Cyto NHS ester fluorescent dye to amine termini (Figure 133). The particles
adjacent to p and q, are all visible in the AFM surface height scan and help define the
correlation between the fluorescence microscopy system and the AFM system. Upon
closer examination, at a 2 μm zoom, p appears to be an irregularly shaped cluster with a
small upper section too narrow to be gold nanospheres (Figure 134). A 2 μm zoom of q
shows it also appears to be an irregularly shaped cluster (Figure 135). As is evident by

2

The letter o is skipped so it is not confused with zero.
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Figure 132. Fluorescence image of p and q, two clusters of 60 nm gold nanospheres with
5000 Da PEG surface spacer functionalized with 1:1000 Cyto NHS ester fluorescent dye
to amine termini immobilized on a quartz cover slip. This fluorescence image was
acquired with a vertically polarized argon ion laser beam. Note the presence of several
neighboring particles lacking enough fluorescent intensity to be individually detectable.
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p
q

Figure 133. 10.0 µm atomic force microscopy height and surface data scan of p and q,
two clusters of 60 nm gold nanospheres with 5000 Da PEG surface spacer functionalized
with 1:1000 Cyto NHS ester fluorescent dye to amine termini immobilized on a quartz
cover slip. Note the presence of several neighboring particles lacking enough fluorescent
intensity to be individually detectable.
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p

Figure 134. 2.0 µm zoomed atomic force microscopy height and surface data scan of p, a
cluster of 60 nm gold nanospheres with 5000 Da PEG surface spacer functionalized with
1:1000 Cyto NHS ester fluorescent dye to amine termini immobilized on a quartz cover
slip.
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q

Figure 135. 2.0 µm zoomed atomic force microscopy height and surface data scan of q, a
cluster of 60 nm gold nanospheres with 5000 Da PEG surface spacer functionalized with
1:1000 Cyto NHS ester fluorescent dye to amine termini immobilized on a quartz cover
slip.
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the zoom AFM, p and q are clusters and detailed AFM analysis will not provide further
insight into single nanoparticle fluorescence spectra.
The corresponding fluorescence spectrum, using 80% of the fluorescence, was
acquired for 20 seconds, background subtracted to remove contaminant peaks from the
immersion oil, and smoothed to reduce noise.

As established through previous

correlation studies, as the x-pixel number in the fluorescence image increases, the
corresponding fluorescence spectral image strip number decreases. Therefore, p and q
corresponds to the fluorescence spectral strips 178 and 174, respectively (Figure 136). p
and q both have similar broad spectra indicative of clusters of gold nanoparticles (Figure
137). p has three overlapping peaks located at 594 nm, 639 nm, and 679 nm while q has
two overlapping peaks located at 641 nm and 649 nm. p and q have areas of high noise
at 531 nm and 540 nm, respectively. The dip at 645 nm, between the two overlapping
peaks of q, is present in the raw experimental data and is not introduced by background
subtraction or smoothing of the data. The normalized fluorescence spectra of a, a dimer
of two, overlapping 60 nm amine functionalized gold nanospheres with 5000 Da PEG
surface spacer, the Cyto NHS ester dye, and the normalized linear combination of the
fluorescence spectra of a and the Cyto NHS ester dye, are overlaid with the normalized
fluorescence spectra of p and q, two clusters of 60 nm gold nanospheres with 5000 Da
PEG surface spacer functionalized with 1:1000 Cyto NHS ester fluorescence dye to
amine termini (Figure 138). This comparison indicates the fluorescence spectra of p and
q have much larger spectral contributions from the Cyto NHS ester dye than of the 60 nm
gold nanospheres.
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Figure 136. Fluorescence spectral image of p and q, two clusters of 60 nm gold
nanoparticle with 5000 Da PEG surface spacer functionalized with 1:1000 Cyto NHS
ester fluorescence dye to amine termini, immobilized on a quartz cover slip.
Fluorescence spectral data was acquired for 20 seconds and includes immersion oil
contamination (650 nm).
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Figure 137. Fluorescence spectrum of p and q, two clusters of 60 nm gold nanospheres
with 5000 Da PEG surface spacer functionalized with 1:1000 Cyto NHS ester
fluorescence dye to amine termini, immobilized on a quartz cover slip. Fluorescence
spectral data was acquired for 20 seconds, background subtracted, and smoothed to
reduce noise.
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Figure 138. The normalized fluorescence spectra of a, a dimer of two, overlapping 60 nm
amine functionalized gold nanospheres with 5000 Da PEG surface spacer (yellow), of the
Cyto NHS ester dye (red), and the normalized linear combination of the fluorescence
spectra of a and of the Cyto NHS ester dye (brown), are overlaid with the normalized
fluorescence spectra of p and q, two clusters of 60 nm gold nanospheres with 5000 Da
PEG surface spacer functionalized with 1:1000 Cyto NHS ester fluorescence dye to
amine termini (green and purple, respectively), all immobilized on quartz cover slips.
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Comparison of Gold Spheres with 10 and 1000 Amine Termini to 1 NHS Ester
Dye Conjugation
Functionalizing 60 nm gold nanospheres with 5000 Da PEG spacer shell and
amine termini with Cyto NHS ester dye, no matter the concentration, changes the
fluorescence spectra, as was shown in the previous sections. 60 nm gold nanospheres
with 5000 Da PEG spacer shell functionalized with 1:10 Cyto NHS ester dye conjugation
to amine termini cluster together due to the ionic charges on the ester dye molecule.
Meso-scale self-assembled ribbons form from 60 nm gold nanospheres with 5000 Da
PEG spacer shell functionalized with 1:10 Cyto NHS ester dye conjugation to amine
termini. However, no such self-assembly was observed with 60 nm gold nanospheres
with 5000 Da PEG spacer shell functionalized with 1:1000 Cyto NHS ester dye
conjugation to amine termini. The Cyto NHS ester dye acts as a glue, creating large
clusters and meso-scale ribbons. The lower concentration of amine to Cyto NHS ester
dye termini (1:1000) lacks sufficient ionic interactions between dye termini to selfassemble into large clusters or ribbons.
The normalized fluorescence spectra of the Cyto NHS ester dye was compared
with the normalized fluorescence of a, a dimer of two, overlapping 60 nm amine
functionalized gold nanospheres with 5000 Da PEG surface spacer, the normalized
fluorescence of g, a cluster of 60 nm gold nanospheres with 5000 Da PEG surface spacer
functionalized with 1:10 Cyto NHS ester fluorescence dye to amine termini, and with h, a
self-assembled ribbon of 60 nm gold nanospheres with 5000 Da PEG surface spacer
functionalized with 1:10 Cyto NHS ester fluorescence dye to amine termini (Figure 139).
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Figure 139. The normalized fluorescence spectra of a, a dimer of two, overlapping 60 nm
amine functionalized gold nanospheres with 5000 Da PEG surface spacer (yellow), of the
Cyto NHS ester dye (red), and the normalized linear combination of the fluorescence
spectra of a and of the Cyto NHS ester dye (brown), are overlaid with the normalized
fluorescence spectra of g and of h, a cluster and a self-assembled ribbon, respectively, of
60 nm gold nanospheres with 5000 Da PEG surface spacer functionalized with 1:10 Cyto
NHS ester fluorescence dye to amine termini (dark red and purple), all immobilized on
quartz cover slips.

212
This comparison shows the fluorescence spectra of g and h have the same broad peak
shape. h appears to have roughly equal spectral contributions from both the 60 nm gold
nanospheres and the Cyto NHS ester dye while g has a larger spectral contribution from
the Cyto NHS ester dye. Small clusters and self-assembled ribbons of 60 nm gold
nanospheres with 5000 Da PEG surface spacer functionalized with 1:10 Cyto NHS ester
fluorescence dye to amine termini exhibit similar fluorescence spectrum with minor
differences in the Cyto NHS ester dye contribution.
The normalized fluorescence spectra of a, a dimer of two, overlapping 60 nm
amine functionalized gold nanospheres with 5000 Da PEG surface spacer, the Cyto NHS
ester dye, and the normalized linear combination of the fluorescence spectra of a and the
Cyto NHS ester dye, are overlaid with the normalized fluorescence spectra of g, a cluster
of 60 nm gold nanospheres with 5000 Da PEG surface spacer functionalized with 1:10
Cyto NHS ester fluorescence dye to amine termini, and p, a cluster of 60 nm gold
nanospheres with 5000 Da PEG surface spacer functionalized with 1:1000 Cyto NHS
ester fluorescence dye to amine termini (Figure 140).

This comparison shows the

fluorescence spectrum of g and p are remarkably similar as overall peak shape and width
are the same. Additionally, the fluorescence spectrum of g and p both have larger
spectral contributions from the Cyto NHS ester dye rather than the 60 nm gold
nanospheres. Thus, small clusters of 60 nm gold nanospheres with 5000 Da PEG surface
spacer functionalized with either 1:10 or 1:1000 Cyto NHS ester fluorescence dye to
amine termini exhibit similar spectral characteristics. For small clusters, the Cyto NHS
ester dye loading ratio does not significantly change the fluorescence spectra.
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Figure 140. The normalized fluorescence spectra of a, a dimer of two, overlapping 60 nm
amine functionalized gold nanospheres with 5000 Da PEG surface spacer (yellow), of the
Cyto NHS ester dye (red), and the normalized linear combination of the fluorescence
spectra of a and of the Cyto NHS ester dye (brown), are overlaid with the normalized
fluorescence spectra of g and of p, two clusters of 60 nm gold nanospheres with 5000 Da
PEG surface spacer functionalized with 1:10 and 1:1000, respectively, Cyto NHS ester
fluorescence dye to amine termini (purple and green), all immobilized on quartz cover
slips.
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Chapter 5 - Conclusions and Recommendations
Immobilization of gold nanoparticles onto quartz cover slips and exposed to air,
no matter the size or shape, blueshifts the fluorescence spectra.

The 75 nm gold

nanospheres fluorescence peak shifts from 550 nm, in aqueous solution, to 544 nm,
immobilized and in air (Figure 38). Overlap between the surface plasmon resonance,
outer electron cloud, and the bulk gold electron excitation and relaxation between the spand d-bands, the inner electron cloud, as well as the silica shell minimizing the effect of
changes in the dielectric environment going from solution to air cause the 15 nm
blueshifting in observed gold nanosphere fluorescence spectra.
The 25 nm by 71 nm gold nanorods fluorescence peak shifts from being clustered
around 690 nm, in solution, to being clustered around 645 nm, immobilized and in air
(Figure 58). Overlap between the longitudinal surface plasmon resonance, outer electron
cloud, and the bulk gold electron excitation and relaxation between the sp- and d-bands,
the inner electron cloud, as well as differences in the dielectric environment, from
solution to air, cause the blueshifting in observed gold nanorod fluorescence spectra.
Additionally, the variation in gold nanorod fluorescence peak position arises from the
observed fluorescence spectra coming from one, single gold nanorod versus a solution
spectra which is an ensemble of many gold nanorods fluorescing. Gold nanorods in
solution self-absorb the longitudinal surface plasmon resonance, something which does
not occur with immobilized gold nanorods. The gold nanorods shown have slightly
different aspect ratios, 2.8 ±0.3, leading to the variations in fluorescence peak position.
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The 50 nm edge length gold nanoctahedra fluorescence peak shifts from 575 nm,
in ethanol or water, to 540 nm, immobilized and in air (Figure 74, Figure 75). Overlap
between the dipole surface plasmon resonance, outer electron cloud, and the bulk gold
electron excitation and relaxation between the sp- and d-bands, the inner electron cloud,
as well as a change in the dielectric environment cause the blueshifting in observed gold
nanoctahedra fluorescence spectra. A single 50 nm edge length gold nanoctahedra,
immobilized and in air, has a fluorescence peak at 540 nm. As the gold cores of two gold
nanoctahedra come closer together and interact, 648 and 694 nm fluorescence peaks
appear. The previously unobserved 648 nm fluorescence peak is believed to arise from
the physical, spatial way that these two complexly shaped gold nanoctahedron pair up
and interact. The 694 nm fluorescence peak is attributable to the gold core interaction
between two gold nanoctahedra.
60 nm gold nanospheres with 5000 Da PEG linker and amine termini form small
clusters and are either attached to or within strands of excess polymer. A dimer of two,
overlapping 60 nm gold nanospheres with 5000 Da PEG linker and amine termini has a
fluorescence peak at 558 nm.

Clusters of overlapping 60 nm gold nanospheres with

5000 Da PEG linker and amine termini have the fluorescence peak at 558 nm and a high
wavelength peak at ~700 nm, which is gains intensity as the gold nanosphere cores are
closer in physical proximity to each other.
60 nm gold nanospheres with 5000 Da PEG spacer shell and amine termini
combined with nile red fluorescent dye encased in 20 nm latex nanospheres quenched
and redshifted the nile red dye fluorescence peak as well as altering the ratio of the dual
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fluorescence peaks. Clusters of 60 nm gold nanospheres with 5000 Da PEG spacer shell
and 1:10 and 1:1000 Cyto NHS ester dye conjugation to amine termini have fluorescent
spectra which are nearly linear combinations of the fluorescence spectra of 60 nm gold
nanospheres with 5000 Da PEG spacer shell and amine termini and Cyto NHS ester dye
as the fluorescent dye portion of the molecule is spatially too far removed from the gold
nanosphere core to demonstrate any enhancement or quenching of the expected
fluorescence. 60 nm gold nanospheres with 5000 Da PEG spacer shell and 1:10 Cyto
NHS ester dye conjugation to amine termini have a larger dye loading, thus increased
ionic interactions between Cyto NHS ester dye molecules. Therefore, the 60 nm gold
nanospheres with 5000 Da PEG spacer shell and 1:10 Cyto NHS ester dye conjugation to
amine termini create self-assembled meso-scale ribbons whereas 60 nm gold nanospheres
with 5000 Da PEG spacer shell and 1:1000 Cyto NHS ester dye conjugation to amine
termini do not.
Single gold nanoparticle fluorescence images and spectroscopy coupled with
correlated atomic force microscopy surface height data is a fascinating method for
probing single gold nanoparticles of different shapes and sizes.

In the future, gold

nanoparticles of more complex shapes, cubes, triangles, etc, would expand upon the gold
nanoparticles immobilized and in air versus in solution fluorescence studies. Sharply
detailed, low noise atomic force microscopy surface height scans of single gold
nanoparticles is always desirable and still requires more vibrational dampening to
improve scan performance. Studies of a variety of fluorescent dye loading ratios and
different fluorescent dyes loaded onto gold nanospheres are needed to continue
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development of the functionalized gold nanospheres. Continued examination of the
meso-scale self-assembled ribbons of gold nanospheres functionalized with high Cyto
NHS ester dye ratios would certainly require detailed atomic force microscopy surface
height data scans to determine their exact formation, shape, and size.

218

List of References

219

Works Cited
[1]
[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]
[12]

[13]

J. Kunckels, Nuetliche Observationes oder Anmerkungen von Auro und Argento
Potabili, Hamburg: Schutzens, 1676.
M. Faraday, "The Bakerian Lecture: Experimental Relations of Gold (and Other
Metals) to Light," Philosophical Transactions of the Royal Society of London, vol.
147, pp. 145-181, 1857.
M.-C. Daniel and D. Astruc, "Gold Nanoparticles: Assembly, Supramolecular
Chemistry, Quantum-Size-Related Properties, and Applications toward Biology,
Catalysis, and Nanotechnology," Chemical Reviews, vol. 104, no. 1, pp. 293-346,
2004.
X. Lu, M. Rycenga, S. E. Skrabalak, B. Wiley and Y. Xia, "Chemical Synthesis of
Novel Plasmonic Nanoparticles," Annual Review of Physical Chemistry, vol. 60,
pp. 167-192, 2009.
C. A. Mirkin, R. L. Letsinger, R. C. Mucic and J. J. Storhoff, "A DNA-based
method for rationally assembling nanoparticles into macroscopic materials,"
Nature, vol. 382, no. 6592, pp. 607-609, 1996.
S. Y. Park, A. K. R. Lytton-Jean, B. Lee, S. Weigand, G. C. Schatz and C. A.
Mirkin, "DNA-programmable nanoparticle crystallization," Nature, vol. 451, no.
7178, pp. 553-556, 2008.
A. P. Alivisatos, K. P. Johnsson, X. Peng, T. E. Wilson, C. J. Loweth, M. P.
Bruchez Jr. and P. G. Schultz, "Organization of 'nanocrystal molecules' using
DNA," Nature, vol. 382, no. 6592, pp. 609-611, 1996.
Y. Xiao, F. Patolsky, E. Katz, J. F. Hainfeld and I. Willner, ""Plugging into
Enzymes": Nanowiring of Redox Enzymes by a Gold Nanoparticle," Science, vol.
299, no. 5614, pp. 1877-1881, 2003.
L. He, M. D. Musisk, S. R. Nicewarner, F. G. Salinas, S. J. Benkovic, M. J. Natan
and C. D. Keating, "Colloidal Au-Enhanced Surface Plasmon Resonance for
Ultrasensitive Detection of DNA Hybridization," Journal of the American
Chemical Society, vol. 122, no. 38, pp. 9071-9077, 2000.
J. Liu and Y. Lu, "A Colorimetric Lead Biosensor Using DNAzyme-Directed
Assembly of Gold Nanoparticles," Journal of the American Chemical Society, vol.
125, no. 22, pp. 6642-6643, 2003.
S. G. Penn, L. He and M. J. Natan, "Nanoparticles for bioanalysis," Current
Opinion in Chemical Biology, vol. 7, no. 5, pp. 609-615, 2003.
W. P. Faulk and G. M. Taylor, "Communication to the Editors: An immunocolloid
method for the electron microscope," Immunochemistry, vol. 8, no. 11, pp. 10811083, 1971.
J. Kimling, M. Maier, B. Okenve, V. Kotaidis, H. Ballot and A. Plech, "Turkevich
Method for Gold Nanoparticle Synthesis Revisited," The Journal of Physical

220

[14]

[15]
[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Chemistry B, vol. 110, no. 32, pp. 15700-15707, 2006.
J. Turkevich, P. C. Stevenson and J. Hillier, "A study of the nucleation and growth
processes in the synthesis of colloidal gold," Discussions of the Faraday Society,
vol. 11, pp. 55-75, 1951.
J. Turkevich, "Colloidal Gold. Part I. Historical and preparative aspects,
morphology and structure," Gold Bulletin, vol. 18, no. 3, pp. 86-91, 1985.
G. Frens, "Controlled Nucleation for the Regulation of the Particle Size in
Monodisperse Gold Suspensions," Nature Physical Science, vol. 241, no. 105, pp.
20-22, 1973.
M. Brust, M. Walker, D. Bethell, D. J. Schiffrin and R. Whyman, "Synthesis of
Thiol-derivatised Gold Nanoparticles in a Two-phase Liquid-Liquid System,"
Journal of the Chemical Society, Chemical Communications, vol. 1994, no. 7, pp.
801-802, 1994.
S. D. Perrault and W. C. W. Chan, "Synthesis and Surface Modification of Highly
Monodispersed, Spherical Gold Nanoparticles of 50−200 nm," Journal of the
American Chemical Society, vol. 131, no. 47, pp. 17042-17043, 2009.
Y. Nagata, Y. Mizukoshi, K. Okitsu and Y. Maeda, "Sonochemical Formation of
Gold Particles in Aqueous Solution," Radiation Research, vol. 146, no. 3, pp. 333338, 1996.
K. Okitsu, A. Yue, S. Tanabe, H. Matsumoto, Y. Yobiko and Y. Yoo, "Sonolytic
Control of Rate of Gold(Ⅲ) Reduction and Size of Formed Gold Nanoparticles:
Relation between Reduction Rates and Sizes of Formed Nanoparticles," Bulletin of
the Chemical Society of Japan, vol. 75, no. 10, pp. 2289-2296, 2002.
C.-H. Su, P.-L. Wu and C.-S. Yeh, "Sonochemical Synthesis of Well-Dispersed
Gold Nanoparticles at the Ice Temperature," Journal of Physical Chemistry B, vol.
107, no. 51, pp. 14240-14243, 2003.
M. N. Martin, J. I. Basham, P. Chando and S.-K. Each, "Charged Gold
Nanoparticles in Non-Polar Solvents: 10-min Synthesis and 2D Self-Assembly,"
Langmuir, vol. 26, no. 10, pp. 7410-7417, 2010.
M. N. Martin and S.-K. Eah, "Monolayer Film of Gold Nanoparticles on a 3 inch or
Larger Silicon Wafer," Materials Research Society Proceedings, vol. 1113, no.
1113-F03-01, 2008.
P. K. Jain, X. Huang, I. H. El-Sayed and M. A. El-Sayed, "Noble Metals on the
Nanoscale: Optical and Photothermal Properties and Some Applications in
Imaging, Sensing, Biology, and Medicine," Accounts of Chemical Research, vol.
41, no. 12, pp. 1578-1586, 2008.
C. J. Murphy, T. K. Sau, A. M. Gole, C. J. Orendorff, J. Gao, L. Gou, S. E.
Hunyadi and T. Li, "Anisotropic Metal Nanoparticles: Synthesis, Assembly, and
Optical Applications," The Journal of Physical Chemistry B, vol. 102, no. 29, pp.
13857-13870, 2005.
S. Link, M. B. Mohamed and M. A. El-Sayed, "Simulation of the Optical

221

[27]

[28]
[29]

[30]

[31]

[32]

[33]
[34]
[35]

[36]
[37]

[38]

[39]

Absorption Spectra of Gold Nanorods as a Function of Their Aspect Ratio and the
Effect of the Medium Dielectric Constant," The Journal of Physical Chemistry B,
vol. 103, no. 16, pp. 3073-3077, 1999.
S. Link and M. A. El-Sayed, "Simulation of the Optical Absorption Spectra of Gold
Nanorods as a Function of Their Aspect Ratio and the Effect of the Medium
Dielectric Constant," The Journal of Physical Chemsitry B, vol. 109, no. 20, pp.
10531-10532, 2005.
P. K. Jain, I. H. El-Sayed and M. A. El-Sayed, "Au nanoparticles target cancer,"
Nano Today, vol. 2, no. 1, pp. 18-29, 2007.
A. M. Gabudean, D. Biro and S. Astilean, "Localized surface plasmon resonance
(LSPR) and surface-enhanced Raman scattering (SERS) studies of 4aminothiophenol adsorption on gold nanorods," Journal of Molecular Structure,
vol. 993, no. 1-3, pp. 420-424, 2011.
C. J. Murphy, A. M. Gole, S. E. Hunyadi, J. W. Stone, P. N. Sisco, A. Alkilany, B.
E. Kinard and P. Hankins, "Chemical sensing and imaging with metallic nanorods,"
Chemical Communications, vol. 2008, no. 5, pp. 544-557, 2008.
K.-S. Lee and M. A. El-Sayed, "Gold and Silver Nanoparticles in Sensing and
Imaging: Sensitivity of Plasmon Response to Size, Shape, and Metal
Composition," The Journal of Physical Chemistry B, vol. 110, no. 39, pp. 1922019225, 2006.
C. A. Foss Jr., G. L. Hornyak, J. A. Stockert and C. R. Martin, "Optical properties
of composite membranes containing arrays of nanoscopic gold cylinders," Journal
of Physical Chemistry, vol. 96, no. 19, pp. 7497-7499, 1992.
C. R. Martin, "Nanomaterials: A Membrane-Based Synthetic Approach," Science,
vol. 266, no. 5193, pp. 1961-1966, 1994.
C. R. Martin, "Membrane-Based Synthesis of Nanomaterials," Chemistry of
Materials, vol. 8, no. 8, pp. 1739-1746, 1996.
Y.-Y. Yu, S.-S. Chang, C.-L. Lee and C. R. C. Wang, "Gold Nanorods:
Electrochemical Synthesis and Optical Properties," The Journal of Physical
Chemistry B, vol. 101, no. 34, pp. 6661-6664, 1997.
S.-S. Chang, C.-W. Shih, C.-D. Chen, W.-C. Lai and C. R. C. Wang, "The Shape
Transition of Gold Nanorods," Langmuir, vol. 15, no. 3, pp. 701-709, 1995.
M. T. Reetz and W. Helbig, "Size-Selective Synthesis of Nanostructured Transition
Metal Clusters," Journal of the American Chemical Society, vol. 116, no. 16, pp.
7401-7402, 1994.
N. R. Jana, L. Gearheart and C. J. Murphy, "Wet Chemical Synthesis of High
Aspect Ratio Cylindrical Gold Nanorods," The Journal of Physical Chemistry B,
vol. 105, no. 19, pp. 4065-4067, 2001.
B. D. Busbee, S. O. Obare and C. J. Murphy, "An Improved Synthesis of HighAspect-Ratio Gold Nanorods," Advanced Materials, vol. 15, no. 5, pp. 414-416,
20003.

222
[40] N. R. Jana, L. Gearheart and C. J. Murphy, "Seed-Mediated Growth Approach for
Shape-Controlled Synthesis of Spheroidal and Rod-like Gold Nanoparticles Using
a Surfactant Template," Advanced Materials, vol. 13, no. 18, pp. 1389-1393, 2001.
[41] J. Pérez-Juste, I. Pastoriza-Santos, L. M. Liz-Marzán and P. Mulvaney, "Gold
nanorods: Synthesis, characterization and applications," Coordination Chemistry
Reviews, vol. 249, no. 17-18, pp. 1870-1901, 2005.
[42] C. Li, K. L. Shuford, Q.-H. Park, W. Cai, Y. Li, E. J. Lee and S. O. Cho, "HighYield Synthesis of Single-Crystalline Gold Nano-octahedra," Angewandte Chemie
International Edition, vol. 46, no. 18, pp. 3264-3268, 2007.
[43] C. Li, K. L. Shuford, M. Chen, E. J. Lee and S. O. Cho, "A Facile Polyol Route to
Uniform Gold Octahedra with Tailorable Size and Their Optical Properties," ACS
Nano, vol. 2, no. 9, p. 1760–1769, 2008.
[44] F. Kim, S. Connor, H. Song, T. Kuykendall and P. Yang, "Platonic Gold
Nanocrystals," Angewandte Chemie International Edition, vol. 43, no. 28, pp.
3673-3677, 2004.
[45] J. Zhang, Y. Gao, R. A. Alvarez-Puebla, J. M. Buriak and H. Fenniri, "Synthesis
and SERS Properties of Nanocrystalline Gold Octahedra Generated from Thermal
Decomposition of HAuCl4 in Block Copolymers," Advanced Materials, vol. 18,
no. 24, pp. 3233-3237, 2006.
[46] D. Y. Kim, W. Li, Y. Ma, T. Yu, Z.-Y. Li, O. O. Park and Y. Xia, "Seed-Mediated
Synthesis of Gold Octahedra in High Purity and with Well-Controlled Sizes and
Optical Properties," Chemistry - A European Journal, vol. 17, no. 17, pp. 47594764, 2011.
[47] A. Mooradian, "Photoluminescence of Metals," Physical Review Letters, vol. 22,
no. 5, pp. 185-187, 1969.
[48] H. Wang, T. B. Huff, D. A. Zweifel, W. He, P. S. Low, A. Wei and J.-X. Chong,
"In vitro and in vivo two-photon luminescence imaging of single gold nanorods,"
Proceedings of the National Academy of Sciences of the United States of America,
vol. 102, no. 44, pp. 15752-15756, 2005.
[49] S. Link and M. A. El-Sayed, "Shape and size dependence of radiative, nonradiative and photothermal properties of gold nanocrystals," International Reviews
in Physical Chemistry, vol. 19, no. 3, pp. 409-453, 2000.
[50] S. Eustis and M. A. El-Sayed, "Why gold nanoparticles are more precious than
pretty gold: Noble metal surface plasmon resonance and its enhancement of the
radiative and nonradiative properties of nanocrystals of different shapes," Chemical
Society Reviews, vol. 35, no. 3, pp. 209-217, 2006.
[51] G. Mie, "Beiträge zur Optik trüber Medien, speziell kolloidaler Metallösungen
(Contributions on the Optics of Turbid Media, Particularly Colloidal Metal
Solutions)," Annalen der Physik, vol. 330, no. 3, pp. 377-445, 1908.
[52] R. Gans, "Über die Form ultramikroskopischer Goldteilchen (About Ultra
Microscopic Gold Nanoparticles)," Annalen der Physik, vol. 342, no. 5, pp. 881900, 1912.

223
[53] R. Gans, "Über die Form ultramikroskopischer Silberteilchen (About the form of
Ultra Microscopic Silver Particles)," Annalen der Physik, vol. 352, no. 10, pp. 270284, 1915.
[54] X. Huang, I. H. El-Sayed and M. A. El-Sayed, "Applications of Gold Nanorods for
Cancer Imaging and Photothermal Therapy," Methods in Molecular Biology, vol.
624, pp. 343-357, 2010.
[55] I. Daubechies, "Orthonormal bases of compactly supported wavelets,"
Communications on Pure and Applied Mathematics, vol. 41, no. 7, pp. 909-996,
1988.
[56] D. L. Donoho and I. M. Johnstone, "Ideal Spatial Adaptation by Wavelet
Shrinkage," Biometrika, vol. 81, no. 3, pp. 425-455, 1994.
[57] Medo, USA, "Linear Piston Vacuum Pumps," Nitto-Kohki, [Online]. Available:
http://www.nitto-kohki.co.jp/e/prd/d_cat/elinear/pageview_Lk001/pageview/pageview.html?#page_num=39. [Accessed 11
April 2012].
[58] SMC Pneumatics, "Series TU/TIUB General Pneumatic Tubing," SMC
Pneumatics, [Online]. Available:
http://www.smcpneumatics.com/smcdigitalcat/r2/docs/fitting/tube/TU.pdf#page=1.
[Accessed 11 April 2012].
[59] Clippard Instrument Laboratory, "Part Number: URH1-0402-BKS-050," Clippard
Instrument Laboratory, [Online]. Available:
http://www.clippard.com/store/byo_tubing/?sku=URH1-0402-BKS-050%A0.
[Accessed 11 April 2012].
[60] Fastenal Company, "IDN-6G X 10 100 PSIG .01 Micron Disposable Inline Filter,"
[Online]. Available:
http://www.fastenal.com/web/products/detail.ex?sku=0422283&ucst=t. [Accessed
11 April 2012].
[61] Prior Scientific, "H107 ProScan™ Inverted Microscope Stage," Prior Scientific,
[Online]. Available: http://www.prior.com//productinfo_auto_proscan_h107.html.
[Accessed 11 April 2012].
[62] Bruker Corporation, "DAFMCH | Bruker | Dimenison," Bruker Corporation, 2012.
[Online]. Available: http://www.brukerafmprobes.com/a-3480-dafmch.aspx.
[Accessed 12 April 2012].
[63] MikroMasch , "NSC15," MikroMasch, 2012. [Online]. Available:
http://www.spmtips.com/nsc/15/. [Accessed 12 April 2012].
[64] A. P. Alivisatos, "Semiconductor Clusters, Nanocrystals, and Quantum Dots,"
Science, vol. 271, no. 5251, pp. 933-937, 1996.
[65] A. Moores and F. Goettmann, "The plasmon band in noble metal nanoparticles: an
introduction to theory and applications," New Journal of Chemistry, vol. 30, pp.
1121-1132, 2006.
[66] A. Mooradian, "Photoluminescence of Metals," Physical Review Letters, vol. 22,

224

[67]

[68]

[69]
[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]
[79]

no. 5, pp. 185-187, 1969.
K.-H. Su, Q.-H. Wei, X. Zhang, J. J. Mock, D. R. Smith and S. Schultz,
"Interparticle Coupling Effects on Plasmon Resonances of Nanogold Particles,"
Nano Letters, vol. 3, no. 8, pp. 1087-1090, 2003.
W. Rechberger, A. Hohenau, A. Leitner, J. R. Krenn, B. Lamprecht and F. R.
Aussenegg, "Optical properties of two interacting gold nanoparticles," Optics
Communications, vol. 220, pp. 137-141, 2003.
R. Gans, "Über die Form ultramikroskopischer Goldteilchen," Annalen der Physik,
vol. 342, no. 5, pp. 881-900, 1912.
S. Link, M. B. Momamed and M. A. El-Sayed, "Simulation of the Optical
Absorption Spectra of Gold Nanorods as a Function of Their Aspect Ratio and the
Effect of the Medium Dielectric Constant," The Journal of Physical Chemistry B,
vol. 103, no. 16, pp. 3073-3077, 1999.
B. Yan, Y. Yang and Y. Wang, "Comment on “Simulation of the Optical
Absorption Spectra of Gold Nanorods as a Function of Their Aspect Ratio and the
Effect of the Medium Dielectric Constant”," The Journal of Physical Chemistry B,
vol. 107, no. 34, pp. 9159-9159, 2003.
S. Link and M. A. El-Sayed, "Simulation of the Optical Absorption Spectra of Gold
Nanorods as a Function of Their Aspect Ratio and the Effect of the Medium
Dielectric Constant," The Journal of Physical Chemistry B, vol. 109, no. 20, pp.
10531-10532, 2005.
S. Eustis and M. El-Sayed, "Aspect Ratio Dependence of the Enhanced
Fluorescence Intensity of Gold Nanorods: Experimental and Simulation Study,"
The Journal of Physical Chemistry B, vol. 109, no. 34, pp. 16350-16356, 2005.
X. Huang, I. H. El-Sayed, W. Qian and M. A. El-Sayed, "Cancer Cell Imaging and
Photothermal Therapy in the Near-Infrared Region by Using Gold Nanorods,"
Journal of the American Chemical Society, vol. 128, no. 6, pp. 2115-2120, 2006.
C. Li, K. L. Shuford, M. Chen, E. J. Lee and S. O. Cho, "A Facile Polyol Route to
Uniform Gold Octahedra with Tailorable Size and Their Optical Properties," ACS
Nano, vol. 2, no. 9, pp. 1760-1769, 2008.
C. Li, K. L. Shuford, Q.-H. Park, W. Cai, Y. Li, E. J. Lee and S. O. Cho, "HighYield Synthesis of Single-Crystalline Gold Nano-octahedra," Angewandte Chemie
International Edition, vol. 46, no. 18, pp. 3264-3268, 2007.
M.-C. Daniel and D. Astruc, "Gold Nanoparticles: Assembly, Supramolecular
Chemistry, Quantum-Size-Related Properties, and Applications toward Biology,
Catalysis, and Nanotechnology," Chemical Reviews, vol. 104, no. 1, pp. 293-346,
2004.
N. L. Rosi and C. A. Mirkin, "Nanostructures in Biodiagnostics," Chemical
Reviews, vol. 105, no. 4, pp. 1547-1562, 2005.
A. Gaiduk, M. Yorulmaz and M. Orrit, "Correlated Absorption and
Photoluminescence of Single Gold Nanoparticles," ChemPhysChem, vol. 12, no. 8,

225

[80]

[81]

[82]

[83]

[84]

[85]
[86]

[87]
[88]

[89]

[90]

[91]

[92]

pp. 1536-1541, 2011.
A. Gaiduk, P. V. Ruijgrok, M. Yorulmaz and M. Orrit, "Making gold nanoparticles
fluorescent for simultaneous absorption and fluorescence detection on the single
particle level," Physical Chemistry Chemical Physics, vol. 13, pp. 149-153, 2011.
A. Tcherniak, S. Dominguez-Medina, W.-S. Chang, P. Swanglap, L. S. Slaughter,
C. F. Landes and S. Link, "One-Photon Plasmon Luminescence and Its Application
to Correlation Spectroscopy as a Probe for Rotational and Translational Dynamics
of Gold Nanorods," The Journal of Physical Chemistry C, vol. 115, no. 32, pp.
15938-15949, 2011.
K. L. Shuford, K. A. Meyer, C. Li, S. O. Cho, W. B. Whitten and R. W. Shaw,
"Computational and Experimental Evaluation of Nanoparticle Coupling," The
Journal of Physical Chemistry A, vol. 113, no. 16, pp. 4009-4014, 2009.
nanoComposix, Inc., "75 nm Silica Coated Gold Colloid; Lot Num.:
GLDK081022CSIIL081023A [Specification Sheet]," nanoComposix, Inc., San
Diego, 2008.
P. N. Njoki, I.-I. S. Lim, D. Mott, H.-Y. Park, B. Khan, S. Mishra, R. Sujakumar, J.
Luo and C.-J. Zhong, "Size Correlation of Optical and Spectroscopic Properties for
Gold Nanoparticles," The Journal of Physical Chemistry C, vol. 111, no. 40, pp.
14664-14669, 2007.
nanoPartz, Inc., "Certificate of Analysis B509-1," NanoPartz, Inc., Loveland, CO,
2011.
C. J. Murphy, T. K. Sau, A. M. Gole, C. J. Orendorff, G. Gao, L. Gou, S. E.
Hunyadi and T. Li, "Anisotropic Metal Nanoparticles: Synthesis, Assembly, and
Optical Applications," The Journal of Physical Chemistry B, vol. 109, no. 29, pp.
13857-13870, 2005.
nanoPartz, Inc., "Technical Note C01: Overview of Gold Nanorods," nanoPartz,
Inc., Loveland, CO, 2012.
X. Huang, I. H. El-Sayed, W. Qian and M. A. El-Sayed, "Cancer Cell Imaging and
Photothermal Therapy in the Near-Infrared Region by Using Gold Nanorods,"
Journal of the American Chemical Society, vol. 128, no. 6, pp. 2115-2120, 2006.
S. Eustis and M. El-Sayed, "Aspect Ratio Dependence of the Enhanced
Fluorescence Intensity of Gold Nanorods: Experimental and Simulation Study,"
The Journal of Physical Chemistry B, vol. 109, no. 34, pp. 16350-16356, 2005.
K. L. Shuford, K. A. Meyer, C. Li, S. O. Cho, W. B. Whitten and R. W. Shaw,
"Computational and Experimental Evaluation of Nanoparticle Coupling," The
Journal of Physical Chemistry A, vol. 113, no. 16, pp. 4009-4014, 2009.
C.-C. Chang, H.-L. Wu, C.-H. Kuo and M. H. Huang, "Hydrothermal Synthesis of
Monodispersed Octahedral Gold Nanocrystals with Five Different Size Ranges and
Their Self-Assembled Structures," Chemistry of Materials, vol. 20, no. 24, pp.
7570-7574, 2008.
K. L. Shuford, 50 nm Gold Nano-octahedra DDA Calculation, Oak Ridge, TN:

226
unpublished data, 2007.
[93] K. L. Kelly, E. Coronado, L. L. Zhao and G. C. Schatz, "The Optical Properties of
Metal Nanoparticles: The Influence of Size, Shape, and Dielectric Environment,"
The Journal of Physical Chemistry B, vol. 107, no. 3, pp. 668-677, 2003.
[94] B. M. Reinhard, M. Siu, H. Agarwal, A. P. Alivisatos and J. Liphardt, "Calibration
of Dynamic Molecular Rulers Based on Plasmon Coupling between Gold
Nanoparticles," Nano Letters, vol. 5, no. 11, pp. 2246-2252, 2005.
[95] J. R. Lakowicz, C. D. Geddes, I. Gryczynski, J. Malicka, Z. Gryczynski, K. Aslan,
J. Lukomska, E. Matveeva, J. Zhang, R. Badugu and J. Huang, "Advances in
Surface-Enhanced Fluorescence," Journal of Fluorescence, vol. 41, no. 4, pp. 425441, 2004.
[96] K. G. Thomas and P. V. Kamat, "Chromophore-Functionalized Gold
Nanoparticles," Accounts of Chemical Research, vol. 36, no. 12, pp. 888-898, 2003.
[97] nanoComposix, Inc, "60nm PVP NanoXact™ Gold Lot Number: EAW1157,"
nanoComposix, Inc, San Diego, 2012.
[98] M. M. Davis and H. B. Hetzer, "Titrimetric and Equilibrium Studies Using
Indicators Related to Nile Blue A," Analytical Chemistry, vol. 38, no. 3, pp. 451461, 1966.
[99] J. F. Deye, T. A. Berger and A. G. Anderson, "Nile Red as a solvatochromic dye
for measuring solvent strength in normal liquids and mixtures of normal liquids
with supercritical and near critical fluids," Analytical Chemistry, vol. 62, no. 6, pp.
615-622, 1990.
[100] C. Reichardt, "Solvatochromic Dyes as Solvent Polarity Indicators," Chemical
Reviews, vol. 94, no. 8, pp. 2319-2358, 1994.
[101] A. G. Gilani, M. Moghadama and M. S. Zakerhamidi, "Solvatochromism of Nile
red in anisotropic media," Dyes and Pigments, vol. 92, no. 3, pp. 1052-1057, 2012.
[102] A. Datta, D. Mandal, S. K. Pal and K. Bhattacharyya, "Intramolecular Charge
Transfer Processes in Confined Systems. Nile Red in Reverse Micelles," The
Journal of Physical Chemistry B, vol. 101, no. 49, pp. 10221-10225, 1997.
[103] A. Kawski, P. Bojarski and B. Kukliński, "Estimation of ground- and excited-state
dipole moments of Nile Red dye from solvatochromic effect on absorption and
fluorescence spectra," Chemical Physics Letters, vol. 463, no. 1-6, pp. 410-412,
2008.
[104] C. A. Guido, B. Mennucci, D. Jacquemin and C. Adamo, "Planar vs. twisted
intramolecular charge transfer mechanism in Nile Red: new hints from theory,"
Physical Chemistry Chemical Physics, vol. 12, pp. 8016-8023, 2010.
[105] Invitrogen, Life Technologies, "FluoSpheres® Carboxylate-Modified
Microspheres, 0.02 µm, Nile Red Fluorescent (535/575), 2% solids," Invitrogen,
2012. [Online]. Available: http://products.invitrogen.com/ivgn/product/F8784.
[Accessed 10 June 2012].
[106] F. Kienberger, V. P. Pastushenko, G. Kada, H. J. Gruber, C. Riener, H. Schindler

227
and P. Hinterdorfer, "Static and Dynamical Properties of Single Poly(Ethylene
Glycol) Molecules Investigated by Force Spectroscopy," vol. 1, no. 2, 2000.
[107] K. A. Meyer, A. Polemi, K. L. Shuford, W. B. Whitten and R. W. Shaw, "Surface
coating effects on the assembly of gold nanospheres," Nanotechnology, vol. 21, no.
41, pp. 415701-415708, 2010.
[108] Cytodiagnostics, Inc., "Cyto 514LSS Label," Cytodiagnostics, Inc., August 2012.
[Online]. Available: http://www.cytodiagnostics.com/store/pc/Cyto-514LSS-Labelc102.htm.

228

Appendix
Reducing Vibrations in Atomic Force Microscopy
Excess instrumental vibrational noise is removed by coupling every piece of
instrumentation and its associated cables and hoses to the floating optical table. To this
end, a cage-like system of Newport Research Corporation Model 45 14” damped optical
rods was created about the microscope and AFM system component boxes. Stainless
steel vacuum hose clamps immobilize cables and hoses to the dampening rods, allowing
unwanted vibrations to travel to, and ultimately be dampened in, the optical table. A twotiered system using dampening rods and Newport Research Corporation 300-P Optical
Rod Platforms was implemented to immobilize hoses and cords while maintaining access
to microscope focal adjustment knobs and input ports.
The single largest creator and conduit of unwanted instrumental noise are the
coolant input and output lines for the PhotonMax camera due, in part, to the ~1.5 meters
of excess hosing resting on either side of the fluorescence microscopy camera. An
optical platform is locked into place atop of a dampening rod on the immediate right and
left of the front of the inverted microscope. Each optical platform rests ~1 inch below the
eyepiece. From each optical platform, another dampening rod extends to protect the
PhotonMax camera and anchor the cooling hoses. The front loop of each coolant hose,
incoming coolant on the right and outgoing coolant on the left, are clamped three or more
times to maximize vertical coupling with the dampening rods. The bottom, curved
portion of each hosing loop is zip tied to the support dampening rods, as a vacuum clamp
is too wide and restrictive. The back loop of the incoming coolant hose is clamped and
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zip tied to the top of a dampening rod placed slightly right and behind of its associated
two-tiered structure. The back loop of the outgoing coolant hose is clamped three times
to a double-length dampening rod slightly left and behind its associated two-tiered
structure (Figure 141).
The CoolCube to PhotonMax cable drops from the front of the overhead shelf to
the optical table and goes up atop the camera fulcrum. The cable is zip tied three times to
8-inch optical posts screwed directly into the optical table breadboard to prevent contact
with the fluorescence spectrograph. Once on the optical table, the cable is affixed to the
table by three Newport Research Corporation BC-1 base clamps. The PhotonMax to
computer cable drops from the rear of the overhead shelf to the optical table and, goes up,
atop the camera fulcrum. The cable is pressed to the optical table by three base clamps,
goes under the fluorescence spectrograph, and is fixed in place by another base clamp.
Both control cables travel up the rear left, outgoing coolant double-length dampening rod
by two hose clamps in the bottom half and sharing the top three hose clamps with the
coolant tubing.
The Prior Stage controller cable is ~1 cm thick and struts out from the left of the
sample stage area directly over the fluorescence spectrograph. A dampening rod with
optical platform locked at the top is positioned over the spectrograph, to support the Prior
Stage controller cable without adding any rotation or changing the elevation. Three
Thorlabs CL5 general-purpose table clamps, in alternating directions, securely anchor
this cable to the optical platform (Figure 142). A Newport Research Corporation 360-90
Angle Bracket is attached to the side of the optical platform to support a Fiber-Lite
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Model 190 Fiber Optic Illuminator used to spotlight the sample area.
Vibrational dampening and suppression for the AFM system cabling and tubing is
more complex due to the short lengths of cables, thin tubing, and position requirements,
that is, to reduce unwanted vibrations while ensuring optimal instrumental functionality.
A dampening rod, placed directly behind and slightly right of the rear ingoing coolant
hose, has an optical platform adjusted to levelly reinforce the front-left corner of the trilayer AFM support bridge (Figure 17). There is a ~0.01 inch gap between the bottom of
the optical platform and the top of the Prior Stage frame, ample room to ensure
unencumbered movement.

Two base clamps anchor the bottom layer of the AFM

support bridge to the optical platform while a Thorlabs CL2 heavy duty variable height
clamp lightly connects the middle layer of the AFM support bridge to the optical
platform. A side-mounted angle bracket supports the HeNe laser control switch box.
The control switch is further anchored to the bracket by a Newport Research Corporation
B-2 2 x 3-inch base plate. The base plate is placed atop the switch box and screwed into
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fastened (Figure 143).
The AFM head and support housing connect in several different ways to the
BioScope control box, all on the optical table. The myriad of cables and wires coming
from the rear of the AFM head and housing are too short to vertically couple to the
optical table via a dampening rod. This problem is solved by a horizontal dampening rod
attached by two perpendicular Newport Research Corporation 340-RC rod clamps to a
vertical dampening rod located at the right rear of the inverted microscope.

The

horizontal dampening rod is positioned to also support the right rear of the tri-layer AFM
bridge. Within a ~6 inch space, six hose clamps immobilize two cables and forty-two
wires in a complex fitting pattern, due to the drastic differences in thicknesses (Figure
144). The hose clamp closest to the AFM support bridge flattens the twenty-one wires
leading from the AFM mount unit to the HeNe control switch box while the third hose
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clamp flattens the twenty-one wires leading from the HeNe control switch box to the
AFM head itself. The cable connecting the AFM support frame with the BioScope
control box is affixed to the horizontal dampening rod by the second and fifth hose
clamps. The cable connecting the AFM head with the BioScope control box is affixed by
the fourth, fifth, and sixth hose clamps. The sample stage vacuum hose is too thin to
clamp or tie down without risk of reduced or uneven vacuum pressure. Therefore, the
quick connect lock between the sample stage and BioScope portions of vacuum tubing is
lightly hose clamped to the vertical dampening rod. The BioScope control box has a
fixed position due to the limited wiring length available. This is particularly important
when rough alignment of the HeNe laser onto the AFM cantilever tip occurs, as there is
only a few inches of slack to hold, manipulate, and evaluate the laser spot position.
The connections to the BioScope control box from the rest of the AFM
components are relatively straightforward for vibration reduction. The BioScope to
Extender Module cable is ~ 1.5 cm thick and rather short. The curvature inherent in this
cord as well as the short distance already minimizes excess vibrations and requires no
further remediation. The Extender to Signal Access Module cable is also ~1.5 cm thick
but is long enough to warrant being clamped to the optical table by a Newport Research
Corporation CL-6 6-inch long tie-down clamp. The NanoScope IIIa to Signal Access
Module cord is also ~1.5 cm thick and falls from the front of the overhead shelf. Two
hose clamps, spaced ~6.5 inches apart, anchor this cord to a dampening rod.

The

BioScope power cable and the Signal Access Module to computer cable fall from the
back of the overhead shelf. Neither cable touches the optical table. Instead, the cables
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